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X-ray  Attenuation  Coefficients  From  10 

Gladys  White  Grodsteln 


to  100  Mev* 


A  tabulation  of  attenuation  ooefBcienta  of  X-rays  and  gamma  rajrs  from  0.01  to  100 
Mev  for  29  jg  presented.  A  summary  of  information  on  the  probability  of  the 

basie  interaction  proeesses  of  photons  with  matter  and  a  detailed  analysis  of  ezpenmental 
theoretieal  evidenee  are  Included.  Present  information  on  the  basio  processes  is  ade¬ 
quate  for  many  applications;  however,  improved  theory  and  additional  experimental  data 
are  needed  in  certain  areas..  A  comparison  of  calculated  and  experimental  coefBcients 
points  up  this  need. 


1.  Introduction 


1.1.  Narrow-Beam  Xttenuation 

The  attenuation  coefficients  tabulated  here  are 
narrow-beam,  as  opposed  to  broad-beam,  coeffi¬ 
cients.  The  total  probability  that  a  photon  of 
given  energy  interacts  with  matter  may  oe  studied 
experimentally  with  a  well-collimatM  beam  of 
homogeneous  X-rays  incident  upon  an  absorber 
(iSg.  1).  A  well-smelded  detector  measures  the 
intensity  of  the  transmitted  beam,  and  any  photon 
absorbed  or  deflected  appreciably  does  not  reach 
the  detector,  if  the  detector  is  sufficiently  colli¬ 
mated  and  far  from  the  absorber.  The  attenua¬ 
tion  of  the  intensity  received  by  the  detector  as 
the  absorber  thickness  is  increased  measiu^  the 
total  probability  of  the  interaction  proc^es. 
The  usual  semuogarithmic  plot  of  transmitted 
intensity,  versus  thickness  of  absorber,  t,  follows 
a  strait  Ime,  indicating  exponential  decay  of  the 
intensity  according  to  i(t)=I(0)exp(— The 
slope,  n,  of  the  straight  line  represents  the  total 
attenuation  coefficient,  namely,  the  probability 
that  a  photon  be  removed  from  the  incident  beam 
per  umt  thickness  of  material  traversed.  A  layer 
of  matter  absorbs  according  to  the  quantity  of 
matter  it  contains,  which  is  the  thickness  traversed 
times .  the  density  of  the  material.  Therefore, 
absorber  thicknesses  are  conveniently  expressed 
on  a  mass  basis,  in  grams  per  square  centimeter. 
Accordingly,  the  attenuation  co^cient  is  often 
expressed  in  (g/cm*)”*=cmVg  and  called  the 
mass-absorption  coefficient. 

1.2.  Absorption  and  Scattering  Processes 

Photons  may  be  absorbed  or  scattered  as  the 
^ult  of  interaction  with  a  material.  Absorption 
is  characterized  by  the  disappearance  of  a  photon. 
Scattered  photons  are  deflected  from  the  original 
direction  with  or  without  a  decreiue  in  energy. 
The  total  probability  that  a  process  takes  place 
per  unit  thickness  of  absorber  is  the  sum  of  the 
probabilities  of  occurrence  of  the  various  absorp¬ 
tion  and  scattering  processes  [1].'’’  To  each  kind 
of  absorption  process  corresponds  a  process  of 

*This  (urvey  bai  been  ouried  out  with  tbe  sapport  of  the  Biophyilei 
Brtaeh  of  tbe  Atomic  Knersy  Commiaefcm. 

■  flmnc  in  bfaAet  indloeto  the  literatme  refsreiioee  at  tbe  end  of  tbit 
Ciiwbw. 

>  Ifearwee  [1]  oontoina  s  elMtHlretlon  and  a  qualitative  deaerlption  of  the 
abaorptlBB  and  leatterinf  ptoceeMS. 


scattering;  the  scattering  may  be  r^arded  as  a 
combination  of  absorption  and  emission  of  a 
photon,  the  emission  taking  place  in  a  new  direc¬ 
tion. 

The  most  important  process  at  low  photon 
energy  is  the  photoelectric  effect,  defined  as  the 
absorption  of  a  photon  with  subs^uent  ^'ection 
of  an  atomic  electron.  Electrons  in  the  K and  L 
shells  account  for  most  of  the  absorption  by  this 
process  at  frequencies  greater  than  the  A-edge 
frequency;  the  K  electrons  contribute  more  than 
80  percent  of  the  totsJ  absorption  at  these  fre¬ 
quencies.  Photons  with  energy  very  much  in 
excess  of  that  required  to  eject  an  dectron  are 
unlikely  to  be  absorbed.  Consequently,  the  ab¬ 
sorption  coefficient  for  the  photoelectric  effect 
decreases  rapidly  as  the  photon  energy  increases. 

Scattering  of  photons  by  atomic  electrons  makes 
a  li^e  contribution  to  the  total  attenuation  co¬ 
efficient  in  the  middle  enei^  range  (0.5  to  5  Mev). 
Most  of  the  scatter^  is  incoheront,  Compton 
scattering;  a  photon  is  deflected  with  a  reduction 
in  energy  and  an  atoncdc  electron  recoils  out  of  the 
atom,  xhe  probability  of  this  process  may  be 
calculated  approximately  as  though  the  atomic 
dectrons  were  free.  Incoherent  radiation  con¬ 
sists  of  a  spectrum  of  frequencies  smaller  than  the 
prima^  frequency.  The  intensity  scattered  in 
any  direction  is  simply  the  sum  of  the  intensities 
scattered  by  the  individual  electrons. 

Some  of  the  scattering  by  an  atomic  S3fstem  is 
coherent,  Kayleigh  scattering;  a  photon  may  be 
deflected  with  no  loss  in  energy,  and  the  atomic 
system  recoils  as  a  whole  imder  the  impact.  The 
probability  of  this  process  is  large  onlv  for  photons 
with  low  energy;  that  is,  in  the  r^on  where 
photoelectric  absorption  (^ives  the  main  contribu¬ 
tion  to  the  total  attenuation  coefficient. 

A  photon  with  energy  neater  than  1  Mev  may 
be  absorbed  in  the  neimborhood  of  an  atomic 
nucleus  or  an  atomic  dectron  and  produce  an 
electron-positron  pair.  The  probability  for  this 
process  mcreases  rapidly  with  photon  energy 
above  the  threshold  but  levels  off  at  higher 
enemes.  The  positron  of  the  pair  is  eventually 
annihilated  mth  production  of  new  X-rays.  The 
largest  fraction  of  the  new  radiation  consists  of 
photons  vrith  energy  me*  emitted  in  pairs  in 
oppodte  directions. 
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Absorption  of  a  photon  by  the  atomic  nucleus 
[2]  occurs  with  suosequent  emission  of  nucl^ 
puarticleB,  mostly  neutrons,  and  little  gamma  radia¬ 
tion.  The  probability  of  this  photonuclear  process 
has  a  maximum  around  15  to  25  Mev,  depending 
upon  the  atomic  number  of  the  absorber.  In  a 
narrow  ener^  interval  about  the  maximum  it  may 
give  a  contribution  of  5  to  10  percent  to  the  total 
attenuation  coefficient. 

Scattering  of  photons  bv  atomic  nuclei  occurs  in 
a  manner  analogous  to  tne  scattering  by  atomic 
electrons.  Scattering  by  nuclei  inay  be  either 
elastic  or  inelastic.  The  probability  of  nuclear 
scattering  is  generally  small  compared  to  the 

frobability  of  scattering  by  the  atomic  electrons, 
ts  contribution  to  the  total  attenuation  coefficient 
is  negligible,  except  as  noted  at  the  end  of  section 
2.4;  it  is  less  than  0.1  percent  in  the  15-  to  20-Mev 
ra^e  for  heavy  elements. 

!^en  though  the  contribution  of  these  nuclear 
effects  to  the  total  attenuation  is  quite  appreciable 
in  small  regions,  and  even  though  information  on 
these  effects  begins  to  be  abimdant  and  reasonably 
accurate,  these  data  do  not  yet  constitute  a  body 
of  knowledge  com.  parable  to  the  knowledge  for 
electronic  effects.  Therefore,  the  main  tables  of 
this  Circular  include  only  the  effects  of  electromc 
processes.  Information  on  nuclear  effects  is  dis¬ 
cussed  brief!}'  in  section  2.4,  and  some  data  on  the 
nuclear  contribution  to  attenuation  are  given. 

1.3.  Corrections  to  Narrow-Beam  Measure¬ 
ments 

Some  radiation  scattered  in  an  absorber  will 
always  reach  the  detector,  as  seen  in  figime  1. 
The  effect  of  receiving  this  scattered  radiation  is 
to  increase  the  intensity  of  the  transmitted  beam. 
The  intensity  of  singly  scattered  radiation  can  be 
easily  calculated.  If  the  maximum  angle  (0mu) 
through  which  radiation  is  scattered  into  the 
detector  is  small,  and  if  the  experimental  arrange¬ 
ment  has  cylindrical  symmetry,  the  intensity  of 
the  transmitted  beam  is  increased  by  the  amount 
of  scattering  within  a  cone  of  aperture  The 
intensity  of  radiation  scattered  within  this  cone 
can  be  subtracted  from  the  measured  intensity  to 
give  the  attenuation  of  the  incident  beam.  For 
small  ffatx  the  intensity  of  Compton  scattering 
within  the  cone  according  to  the  Klein-Nishina 
formula  is  given  by  * 

C*flL.[l-%(9a+4)2 

where 

35= the  thickness  of  the  absorber,  in  g/cm*, 
a=the  incident  energy,  in  mc^  units,  and 

G—Nrrl  2=0.150  ^  cmVg. 

>  A  flmflar  ealouation  wu  made  by  Davisson  and  Evans  [3]  and  b; 
Tenant  [4],  bat  the  Tanant  paper  eonuins  an  erroneons  result. 


There  is  also  an  appreciable  amount  of  coherent 
scattering  at  small  angles.  The  intensity  of  this 
radiation  scattered  within  a  cone  of  aperture 
g...  can  be  obtained  by  int^[rating  numerical  data 
on  the  (hfferential  cross  section  for  this  purpose. 
This  was  done  by  Colgate  [5],  u£^  the  numerical 
data  of  Debye  [6]  and  the  emiations  of  Franz  |7];* 
see  also  Moon’s  discussion  of  the  Franz  equations 
[8]. 

The  need  for  these  theoretical  corrections  to  the 
attenuation  of  the  incident  beam  can  be  eliminated 
ff  one  follows  the  extrapolation  nrocedure  to 
^msx=0  suggested  by  Colgate  [6].  Tnis  procedure 
eliminates  only  the  effect  of  Compton  scattering, 
unless  measurements  are  actually  taken  down  to 
toe  very  small  values  of  go,,  at  which  coherent 
scattering  is  important. 

Fluorescent  radiation  originating  in  an  absorber 
as  a  result  of  photoelectric  absorption  can  also 
reach  the  detector.  However,  the  intensity  inter¬ 
cepted  by  the  detector  in  the  usual  narrow-beam 
experiment  is  quite  small.  For  example,  for  Pb 
exposed  to  100-kev  radiation,  the  intensity  of 
fluorescence  per  steradian  is  roughly  6  percent 
[0.95(76/100)  (1/4*-)]  of  the  radiation  absorbed 
photoelectrically.  (The  fluorescent  yield  is  0.95, 
and  Ka  radiation  is  isotropic  with  76-kev  energy.) 
Assuming  for  the  detector  aperture  a  solid  angle 
of  0.01  steradian,  which  is  rather  large  for  to’s  type 
of  experiment,  the  measured  intensity  of  the  76- 
Kev  radiation  is  roughly  0.06  percent  of  the 
intensity  absorbed  photoelectrically  from  the 
incident  lOO-kev  radiation. 

The  number  of  annihilation  photons  from  the 
absorber  that  reach  the  detector  will  be  similarly 
small  in  the  usual  narrow-beam  experiment.  As¬ 
suming  that  all  radiation  emitted  is  from  2  quanta 
annihilation  and  is  isotropic,  the  number  of 
photons  per  steradian  will  be  approximately  16 
percent  of  the  number  of  pairs  produced.  The 
number  of  photons  detected  in  a  solid  angle  of  0.01 
steradian  is  only  0.16  percent  of  the  number  of 
electron-positron  pairs  produced  in  the  absorber 
by  the  incident  radiation. 

1.4.  Combination  of  Attenuation  Coefficients 

The  probabilities  of  interaction  processes  of  an 
X-ray  photon  with  different  atoms  of  an  absorber 
add  up  without  mutual  disturbance,  in  general. 
The  effect  of  chemical  binding  on  the  interaction 
of  X-rays  with  valence  electrons  is  exceedingly 
weak.  However,  the  orderly  arrangement  of 
atoms  next  to  one  another  does  influence  the  total 
probability  of  interaction  processes  to  an  extent 
that  is  quite  considerable,  expecially  in  Bragg 
reflection  by  crystal  lattices,  when  the  momentum 
transfer  from  photon  to  matter  is  of  the  order 
of  the  Planck  constant  divided  by  the  spacing 
of  adjacent  atoms.  Special  situations  of  this 
kind  are  disregarded  in  the  present  Circu^. 
Within  this  approximation^  the  mass-attenuation 

<  The  total  cross  section  of  Franz  is  too  small  by  a  foctor  of  2  owing  to  an 
analytic^  error. 
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ooeffiemt  of  a  chemical  compound  or  mature  is 
an  averai^  of  the  mass  attenuation  coefficients  of 
the  constituent  elements,  weighted  in  proportion 
to  Uie  abundance  of  each  element  by  weight.  For 
example,  for  ^ter  (1  part  8  parts  0),  we  have 
mh,o=(1/9)«i+(8/9)iio,  provided  the  a’a  are  ex¬ 
pressed  as  mass-attenuation  coefficients. 

1.5.  Enorgy  Abaorption 

Most  of  the  energy  transferred  from  X-rays  and 
gamma  rays  to  a  material  is  mven  to  electrons  or 
positrons  and  then  dusipatea  along  the  path  of 
these  particles.  Part  of  this  eneigy  is  ansorbed 
by  inelastic  collisions  with  other  atomic  electrons 
and  some  is  released  to  photons  of  lower  energy. 
Thus  the  energy  of  the  incident  photon  is  not 
entirely  absorbed  at  the  point  of  its  interaction  in 


the  material.  In  fact,  at  energies  greater  than  a 
few  million  electron  volts,  electrons  may  travel 
distances  comparable  to  the  mean  free  path  of 
photons  of  the  same  energy.  There  are  problej^, 
as  in  dommetry  and  in  medical  or  biolo^cal  studies, 
that  require  a  calculation  of  the  probable  enerey 
transfer  to  a  material  by  a  beam  of  X-rays.  The 
fraction  of  eneigy  dissipated  locally  by  a  narrow 
beam  of  X-rays  is  given  by  the  product  of  the 
probability  of  each  interaction  process  and  the 
probable  fraction  of  the  photon  energy  that  is 
dissipated  locally  in  the  absorber  as  a  result  of  the 
process.  The  definition  of  the  term  “locally”  is 
not  unique;  it  will  depend  on  the  energy  of  the 
incident  radiation,  on  the  material  of  the  absorber, 
and  further  on  the  purpose  of  a  particular  measure¬ 
ment  and  the  viewpoint  of  the  observer. 


2.  ProtMibility  of  Processes 


Theoretical  methods  for  calculating  the  proba¬ 
bility  of  the  basic  interaction  processes  of  photons 
with  matter  are  well  established.  However,  sys¬ 
tematic  calculations  are  complicated.  Various 
kinds  of  approximations  can  be  utilized,  but  their 
proper  appUcation  requires  some  care.  Substap- 
tial  uncertainty  still  exists  regarding  many  details 
of  the  approximation  procedures. 

Nevertheless,  theory  has  progressed  to  the  point 
where  the  present  tabulation  of  data  has  been 
derived  primarily  from  theory,  with  expenmantal 
data  providing  the  necessary  checks  and  some 
additional  fitting. 

2.1.  Photoelectric  Effect 

The  probability  of  the  photoelectric  .effect  ® 
exhibits,  as  main  features,  a  very  rapid  decrease 
as  the  mequency  of  the  incident  X-ray  increases 
and  a  rapid  increase  as  the  atomic  number  of  the 
material  increases.  This  behavior  appears  nat¬ 
ural  because  an  electron  can  resonate  under  the 
drivii^  action  of  a  high-frequency  disturbance 
only  if  it  is  held  by  a  very  strong  force  such  as 
obtains  in  the  space  immediately  surrounding  an 
atomic  nucleus.  This  portion  of  the  atomic 
volume,  where  the  force  is  adequate,  is  a  decreas¬ 
ing  function  of  the  dUiving  frequency  and  an 
increasing  fimction  of  the  magnitude  of  the 
nuclear  charge.  When  the  photon  energy  hv 
exceeds  me®  most  of  the  momentum  of  the  ejected 
electron  is  imparted  directly  by  the  incident 
photon.  The  attraction  by  the  nucleus  need 
supply  only  a  momentum  of  the  order  of  me,  no 
matter  how  large  is  the  energy  hv.  Accordingly, 
the  probability  of  the  phot^lectric  effect  de¬ 
creases  more  fdowlv  as  the  eneigy  hv  keeps 
increasmg  in  the  relativistic  range. 

Simpl^ying  assumptions.  The  main  approxi¬ 
mations  that  are  usually  considered  in  any  theo- 

•  Sm  Sommirfekl  [S]  and  Han  [10]  for  leviawa  of  tba  tbaoiy  of  tba  pboto- 
alaetrieaflact. 


retical  analysis  of  the  photoelectric  effect  involve 
one  or  more  of  the  following  features: 

(a)  Schematic  treatment  of  the  interaction 
among  atomic  electrons,  in  the  form  of  “screening 
effects,”  which  permits  the  use  of  hydrogen-like 
wave  functions  tor  the  atomic  electrons. 

(b)  Treatment  of  the  electron  motion  according 

to  nonrelativistic  quantum  mechanics  Ivalid  for 
hvlme*«l,  (Z/137)*«l).  ^  ^  ^ 

(c)  Disregard  of  the  attraction  exerted  by  the 
nudeus  on  the  electron  as  it ‘leaves  the  atom 
(Bom  approximation  valid  for  2!’/(137p/c)«1, 
where  v  is  the  speed  of  the  ejected  electron). 

(d)  Disregard  of  the  possibilitv  that  the  ejected 
electron  may  receive  from  the  iiaf^tion  an 
angular  momentum  larger  than  hl2w  (ffipole  tran¬ 
sition  approximation).  This  assumption  is  justi¬ 
fied  if  toe  X-ray  wavelength  is  mudi  larger  than 
the  initial  wavelength  of  the  atomic  electron. 

(e)  Treatment  of  the  dectron  motion  by  the 
Sominerfeld-Maue-Furry  approxiination  (angdar 
momentum  quantum  number  y»Z/137).  This 
approximation  is  useful  when  the  conditions  are 
opposite  to  (d),  that  is,  when  (at  very  high  ener- 

fies)  most  01  ^e  photoelectric  effect  is  contributed 
y  high  order  mmtipoles.® 

The  interaction  of  radiation  with  the  atomic 
dectron  is  normally  treated  as.  “weak.”  Higher- 
order  dectrodynamic  effects  require  corrections  of 
the  order  of  1/137  or  smaller. 

As  a  further  improximation,  one  often  a^umes 
that  the  probability  ratio  of  photoelectric  ej^tion 
of  different  electrons  is  eneigy  independent  in  the 
range  of  interest.  Because  this  approximation  is 
reasonable,  and  as  K  electrons  have  the  largest 
chance  of  being  ejected  by  X-rays  above  the  K 
edge,  most  data  m  the  literature  deal  with  the 
photodectric  effect  in  the  K  shell. 

The  principal  calculations  which  have  been 

•  Bathe  and  Maximon  [11]  cued  this  approximation  In  the  calculation  of  the 
differential  croee  section  mr  Dransstrahiong  and  production. 
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carried  out  in  detail  are  listed  bdow,  with  an 
indication  of  the  pertinent  approrimations. 

Bom  ealevkOim  (approxitnoHono  a, 
b.  e).  The  <»osb  section  for  photodectrio  effect  in 
tne  K  shell  of  an  atom  with  atomic  number  Z 
for  a  photon  of  energy  hr  is  [12,  p.  207] 

1^;  d»="|  *rj.  (1) 

Sauter  Jormtda  (t^pproximoHons  a,  e).  The  cor¬ 
responding  rdativistic  calculation  was  made  by 
Sauter  [13].  The  assumption  (b)  is  thereby 
eliminatw. 

Stoiibeformttlaa  (approximations  a,  b^d).  A  basic 
calculation,  usin^  exact  nonrelativistic  hvdrogen- 
like  wave  functions,  was  made  bv  Stoobe  [14] 
for  electrons  of  the  K,  L.  and  M  shells.  Its  resmts 
can  be  expressed  by  a  factor  /  [12],  which  repre¬ 
sents  the  ratio  of  the  “non-Born”  cross  section  to 
the  “Bom”  cross  section  eq  (1). 

SauterStobbe  combined  jormvla.  The  Sauter- 
Bom  approximation  cross  section  may  be  cor¬ 
rected  to  a  considerable  extent  by  multiplying  it 
with  the  factor  /  derived  by  Stobbe  under  a  non¬ 
relativistic  approximation.  The  combined  formula 
becomes 


Nagasaka  formidx  (approximations  a  and  e). 
Nagasaka  [17]  dev^ped  a  hi^-ener^  formula, 
using  the  wmmerfda-Maue  function  for  the  final 
state  and  the  exact  Dirac  wave  function  for  the 
initial  state  of  the  jfiC-dectron.  The  Sommerfeld- 
Maue  function  may  be  used  for  tiie  final  state  of 
the  electron  in  the  photoelectric  effect  so  long  as 
(Z/137)*(€"‘  In  «)<<!»  whwe  <  is  the  energy  of  the 
dectron  in  units  of  mr.  The  effect  of  screening 
was  completdy  neglected  in  this  calculation,  which 
is  justifiM  by  the  mmark  in  footnote  7. 

Nagasaka's  cross  section  has  the  form 
3  ^  Z*  me* 

where  «=l-[-(Ai»— /)/mc*  is  tiie  total  energy  of 
the  ejected  electron  (includii^  its  rest  mass)  in 
units  of  me*,  &  is  a  factor  discussed  below,  and 


2eV«*-l 


In 


‘±VO\' 


z» 

(137)* 


y(y-2) 

7+1 


where 


(2) 


7=^+1,  I=(Z—Q.zy  By. 


Hvlme  catculoHon  (approximation  a).  A  cal¬ 
culation  udng  exact  rdativistic  hydrogen-like 
wave  functions  was  made  by  Hulme  [15].  The 
results  are  given  numericallv  for  a  few  values  of 
the  atomic  number  and  of  the  photon  energy. 
Interpolation  is  po^ble  to  a  considerable  extent. 
Approximation  (a)  is  set  aside,  but  the  requirement 
to  carry  out  the  calculations  for  many  successive 
terms  of  the  dipole,  quadnipole.  .  .  .  s^uence 
makes  the  procediue  prohibitively  laborious  at 
Ar/m<j»»l. 

Hall  jormvla  (approximation  a,hvlm<y^'^l). 
Hall  [16, 10]  devdopM  a  high-eneigy  formiils  that 
does  not  rdy  on  the  Born  approximation,  like  the 
Sauter  formula,  or  on  a  separate  evaluation  of  the 

S' ),  quadruple.  .  .  .  sequence,  like  the  Hulme 
ations.  Hall  gives 

^  ^  In  «  (3) 

where 

J?=l+[4(l-a*)H-5/3]  and  a!=Z/137. 


(5) 

Notice  that  eq  (4)  reduces  to  the  Sauter  formula 
(2)  if  the  terms  following  oo  ere  disK^arded;  0  is 
taken  as  1,  and  I  b  disregi^ed  in  the  definition 
of  e,  so  that  c=7.  In  the  nigh-ener^  limit,  more 
specifically  for  l/f*<<l,  Nagasaka  mds 

G=exp  [-vZ/137+2(7/137)*-(7/137)*  In  (Z/137)]. 

(6) 

The  corresponding  factor  in  Hall’s  formula  (3) 
has  an  additional  factor  of  2  in  front  of  the  l(^a- 
rithm  in  the  exponent.  The  Hall  and  Nagasaka 
(»lculations  differ  in  formal  procedure  but  utilize 
in  fact  the  same  approximation.  Part  of  the 
difference  between  the  results  (3)  and  (4)  has 
been  traced  by  Nagasaka  to  an  i^braic  mistake 
in  Hall’s  cfdciuation. . 

Most  calculations  in  the  literature  deal  with 
the  photoelectric  absorption  in  the  K  shell,  which 
neatly  exceeds  the  abwrption  in  other  shells  for 
X-ray  energies  above  the  K  ei^.  For  enerries 
well  above  the  K  edge,  absorption  in  the  £„  M,, 
.  .  .  subshells  matly  exceeds  the  absorption  in 
the  L„,  Liii,  Mil,  •  -  •  subshells,  because  elec¬ 
trons  with  azimuthd  quantum  number  1=1,  2, 
...  are  kept  away  from  the  proximity  of  the 
nucleus  by  centrifugal  action,  and  therefore,  expe¬ 
rience  less  attraction  than  1=0  electrons.  The 
relative  nrobability  of  photoelectric  effect  in  the 
K,Li,Mi,  .  .  .  suDsheUs  should  be  approximately 
independent  of  the  photon  energy  at  hig^  ener¬ 
gies,  according  to  elementary  theory.  These  prob- 
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abilities  should  be  approxioiately  in  the  same  ra¬ 
tios,  1,  1/2*,  1/3*,  ...  as  the  probabilities  that 
K,  Li,  Ml,  .  .  .  electrons  be  near  the  nucleus. 
The  Stobbe  formulas  indicate  a  sUght  decrease  of 
the  ratios  oi  LtoK,M  to  K,  .  .  .  tmhp  increases. 
An  application  of  the  Hall  formula  to  a  calcula¬ 
tion  of  oJvk  at  2.62  Mev  for  Pb  yields  0.20, 
wUch  is  considerably  more  than  one-eighth, 
limited  experimental  evidence  has  indicated  (18], 
as  an  approximate  rule,  that  the  total  probabilitv 
of  photoelectric  effect  at  h^h  energies  equals  5/4 
of  the  probability  for  the  K  sheU  alone.  Notice 
that  5/4  is  a  little  larger  than  the  sum  l-|-l/2*-f- 
1/3*=  1.16. 

A  simnlified  treatment  of  the  interaction  among 
atomic  electrons  (approximation  a)  mav  suffice  for 
the  photoelectric  action  on  K  shell  electrons  for 
whicn  nuclear  attraction  greatly  predoninates  over 
other  attractions.  The  portion  of  the  electronic 
doud  that  lies  nearra'  to  the  nucleus  than  the 
photoelectron  effectively  offsets,  or  “screens,” 
the  nuclear  charge  to  some  extent.  This  effect 
may  be  taken  into  account  by  attributmg  to  the 
nudeus  an  “effective  atomic  number”  Z—a.  The 
number  «,  called  the  “inner  screening  number,” 
was  evaluated  semiempiricaUy  for  the  dectrons  of 
the  various  shells  by  ^ater  [19];  values  of  a  are 
given  in  table  1.^ 

The  portion  of  the  dectronic  doud,  that  is  far¬ 
ther  away  from  the  nudeus  than  the  initial  posi¬ 
tion  of  the  photodectron,  affects  this  electron  like 
an  “outer  screening,”  that  is,  like  an  external 
dectrically  charged  shell.  This  shell  does  not 
exert  any  dectnc  force  upon  a  charge  inside, 
where  the  photoelectron  is,  but  establishes  a  nwa- 
tive  potential  difference  of  volts  between  me 
interior  of  the  shell  and  external  points  at  infinite 
distance.  The  effect  of  this  potential  energy  be¬ 
comes  apparent  when  the  dectron  escapes  from 
the  atom.  As  soon  as  the  dectron  reawes  the 
outside  of  this  shell  the  charge  of  the  diell  exerts 
a  repulsive  force  and  thus  helps  the  escape  from 
the  nudear  attraction.  The  effective  value  of  Fq 
may  be  determined  by  observing  that  the  eimeri- 
mental  value  of  the  initial  binding  energy  or  the 
photodectron  is  eVo  ev  smaller  man  the  eneigv 
pertaining  to  a  hydix^enlike  wave  function  with 
effective  atomic  number  Z—a. 

On  this  basis,  the  absorotion  of  a  photon  with 
energy  hv  by  an  atomic  electron  appears  to  take 

Slace  inside  the  outer  screening  shell  under  the  in- 
uence  of  attraction  by  a  nudear  charge  (Z—a)e. 
The  outer  screening  does  not  infiuence  the  process 
of  absorption  or  the  probability  of  the  subsequent 
ejection  of  the  dectron  from  me  atom.*  The  hy- 

’  BetiM  iiM  poinled  oat  (In  •  private  dlsoaaeion)  tbst  when  photodectrle 
elleet  takes  plaoe  near  the  nndena.  well  Inside  the  Jc  ehdl,  Ui«  inner  loteening 
eileet  shonld  vanish.  Aooordlnsiy,  It  may  be  Inappropriate  to  attlise  an 
tamer  seteening  munber  e>0  whoiever  the  photon  eneny  Is  greatly  in  excess 
ofUksSTabsorptlonedge.  This  remade  probabfyexpla&is  why  the  ptobabOi- 
tiss  ot  diotoeleetiie  effect  oaloolated  with  e>0J  for  low-Z  dinnents  are  enb- 
stanttaiw  low«  than  indicated  by  experimental  evideBoe  and  had  to  be 
modifled  by  an  empirical  correction,  as  dlsenmed  In  section  8.1. 

'  Thlt  imbabOlty  wotdd  be  inllaeaoed  only  if  ttae  outer  soaentam  potential 
varied  rapidly  taom  potait  tppobik  whldi  la  not  the  case  (see  M.  E.  Rose, 
Phys.  Rev.  4a  737  (ing)).  The  cw^Uon  by  Hall  pO,  p.  3831  ofa  correction 
to  the  cross  sectim  <ff  toe  photodectric  effect  arl^i  fiom  enter  screening 
appears  to  be  Ineanslstent  with  tak  siqrikatkm  of  a  WKB  approximation. 


drogenlike  wave  functions  of  the  dectron  within 
the  atom  before  and  after  absorption  of  the  photon 
correspond  to  energy  levels  evaluated  as  thou^^ 
the  outer  screening  were  absent.  (The  energy  of 
the  ejected  dectron  may  become  negative  ^en 
reducw  by  eVo,  if  Ap  is  only  a  little  above  the 
absorption  e(^e.  This  circumstance  introduces 
no  real  difficuUy  because  formulas  for  the  hydro¬ 
genlike  approximation  carry  over  to  negative 
values  of  the  energy.) 

2.2.  S4»ttmiiig  by  Atomic  Electrons 

The  mmn  contribution  of  scattering  to  the  total 
attentuation  co^cient  arises  from  simjde  Comp¬ 
ton  effect  processes*  in  which  the  bonds  of  the 
atomic  electrons  within  the  material  can  be  dis- 
rega^ed.  More  complex  scattering  conditions 
obtain  at  the  lower  photon  energies  where  photo¬ 
electric  absorption  predominates  over  the  attenua¬ 
tion  due  to  scattering.  Therefore,  these  more 
complex  effects,  which  include  coherent  Rayleigh 
scattering,  do  not  influence  the  over-all  attenua¬ 
tion  ve^  greatly. 

The  Compton  scattering  by  “free”  electrons  is 
described  to  a  veiy  good  approximation  by  the 
theoretical  Klein-Nismna  law.  Corrections  aris¬ 
ing  from  higher-order  electrodynamic  effects  have 
been  cialculated  and  amount  to  about  1  percent 
only.  Experimental  evidence  agrees  'well  with 
the  Elein-Nisbina  value  of  the  scattering  cross 
section  by  free  dectrons,  in  the  energy  region 
where  Compton  scattering  gives  the  main  con¬ 
tribution  to  total  attenuation.  The  differential 
cross  section  for  scatter^  of  a  photon  of  fre- 
uency  y,  with  a  deflection  d  into  a  solid  angle 
Q,  is 

o*(i— cose)* 
l+«(l-co,  «)/'*“’ 

where  rg=(«*/»nc*)*=7.94  X  10“**m*,  «=Ay/fnc*,and 
h,  m,  and  e  nave  the  usual  meaning.  The  integral 
cross  section  is 

In  (1-1- 2a)  1-H3a  \ 

2a  (l-f2a)»/' 

For  a«l  [21],  the  following  formula  is  con¬ 
venient, 

vjc-*r=^[l-2a-|-5.2a*-13.3a*-l- 32.70* .  .  .].  (9) 

The  integral  cross  section  (8)  is  tabulated  in 
table  2. 


*  For  a  fullw  dtaonsBlon  of  Compton  aattertaut  and  oxtonsive  tabulations 
of  the  Kh^-Nisbtna  foimnla,  aw  Natans  [30]. 
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Tbe  usumption  of  free  electrons  th&t  underlies 
tlie  Klein-NulunA  formula  holds  only  if  the 
momentum  transferred  to  the  electron  greatly 
ezce^  the  iniUal  momentum  of  the  electron’s 
motion  within  an  atom  or  molecule.  In  terms 
of  the  initial  wavelength  of  the  radiation  (X)  and 
of  the  atomic  electron  X«i  this  condition  reads 

2  sin  (0/2) 

and  obtains  less  frequently  than  one  may  be 
indined  to  expect. 

When  this  condition  does  not  obtain,  Compton 
scattering  is  complicated  bv  the  bonds  that  nold 
the  atomic  electrons  and  becomes  less  frequent 
than  predicted  by  the  Elein-Nishina  law.  The 
decrease  of  incoherent  (inelastic)  Compton  scatter¬ 
ing  is  accompanied  by  an  increase  of  coherent 
scattering  in  wbidi  we  photon  loses  no  enei^. 
As  a  result  of  constructive  interference  of  we 
radiation  scattered  coherently  by  different  elec¬ 
trons,  the  total  cross  section  for  scattering  of 
lower-energy  photons  j^ws  larger  than  predicted 
by  the  Elem-Nishina  formula. 

In  an  approximate  calculation,  one  may  regard 
the  probability  of  Compton  scattering  by  an 
atomic  electron  as  the  product  of  two  factors. 
The  first  factor  concerns  the  probability  that  the 
photon  be  deflected  by  a  certain  angle  and  trans¬ 
fers  to  the  electron  a  correspondii^  amount  of 
momentum  q  as  thortgh  the  electron  were  free. 
The  momentum  transfer  is  given  by  2~(Ai'/c)X 
28in(ff/2)  for  Ai»(l— cos  8)‘^<C,inc^,  'Hie  second 
factor  concerns  the  probability  that  the  electron, 
having  received  a  momentum  q,  wiU  actually 
absorb  energy  and  thereby  become  excited  or 
leave  the  atom.  This  analysis  of  probability 
into  two  factors  derives  from  the  impulsive 
character  of  the  scattering  process. 

For  the  first  factor  one  may  take  the  Elein- 
Nishina  cross  section  (8)  for  free  electrons.  For 
the  second  factor  one  may  take  the  incoherent 
scattering  function  S{qJZ)  which  is  discussed  in 
some  detail  in  the  appendix.  If  g  is  much  smaller 
than  the  root  mean  square  mom.entum  of  the 
electron  before  the  scattering,  the  second  factor 
8  becomes  very  small  in  proportion  to  1  and  any 
actual  enei^  transfer  is  comparable  to  the  binding 
energy  of  tl^  atomic  electron.  If  q  is  much  laiger 
than  the  initial  rms  momentum,  5  equals  approxi¬ 
mately  1,  and  the  actual  energy  transfers  are  in  a 
narrow  band  about  q*l2m.  Thus  incoherently 
scattered  radiation  disappears  at  very  low  eneigies 
and  approaches  the  value  given  by  the  Elein- 
Nishina  formula  at  high  enei^es.  The  total  cross 

■*  For  a  taller  dtseD9rion  of  ooherent  scattering  and  tabolattoDS  of  form  factor 
date,  see  Neimt  and  Oppentaelm  [221. 

Tbe  momentom  transfer  takes  plaoe,  In  the  main,  In  a  time  short  as  com- 
l»red  to  the  reaetton  time  of  tbe  meehanlsm  that  binds  tbe  electron  in  tbe 
atmn.  Tbns  tbe  determination  of  momentum  transfer  and  angular  deflection 
ooenrs  in  a  mnch  sbcnter  time  than  the  detorminatlon  of  the  enogy  ttansfw. 
Tbe  lbim«  depends  on  the  pboton.eleetron  interaction,  tbe  second  on  tbe 
electnm«tom  interaction. 


section  for  incoherent  scattering  with  deflection 
8  by  the  Z  electrons  of  an  atom  equals  approxi¬ 
mately 

dinnooh= (l/2)Zr8[l  -f  ih»lmc*)il  -cos  «)]  "*  { 1  -l-cos*» 

+ihv/me^\l —cos  -f  (AF/me*) 

X(l-cos9)]}S(g,Z)dQ.  (10) 

To  calculate  the  probability  of  coherent  Rayleigh 
scattering  one  must  combine  the  amplitudes  rather 
than  the  intensities  corr^ponding  to  scattering 
with  a  given  momentum  transfer  to  the  different 
electrons.  Here  again  tbe  probability  results  as 
the  sum  of  two  factors.  The  first  factor  follows 
from  the  Elein-Nishina  formula  (7)  by  deleting 
(a)  the  last  term  in  the  bracra,  which  corresponds 
to  a  flipping  of  an  electron  spin  and  is  inconsistent 
with  coherent  scattering,  and  (b)  the  factor 
[l-l^(AF/nK5*)(l— cos  ®)]“*,  which  arises  from  the 
ratio  of  the  incident  and  scattered  frequencies  and 
must  equal  1  for  coherent  scattering.  The  second 
factor  of  the  coherent  scattering  cross  section  is 
somewhat  complementary  to  the  incoherent  scat¬ 
ter^  function  S,  in  that  it  represents  the  proba¬ 
bility,  |F($,Z)|*,  that  the  Z  electrons  of  an  atom 
take  up  a  recoU  momentum,  g,  without  absorbing 
any  energy.  The  function  F{q,Z)  is  called  the 
form  factor.  The  cross  section  for  ooherent 
scattering  equals: 

dvcoh=(l/2)rg(H-co8*  8)\F{q,Z)m.  (11) 

The  form  factor  F  and  the  cross  section  (11) 
are  lisuaDy  calcidated  separately  for  each  kind  of 
atom  in  a  material.  This  procedure  was  indicated 
in  section  1.4  as  generally  adequate,  with  excep¬ 
tions.  Additional  scattering  may  actually  arise 
from  interference  among  tbe  X-rays  scattered 
coherently  by  electrons  of  different  atoms.  This 
effect  depends  on  the  state  of  aggregation  of 
adjacent  atoms.  Its  order  of  magnitude  may  be 
lower  than  or  comparable  to  the  effect  of  inter¬ 
ference  of  electrons  from  the  same  atom  for 
polyatomic  gases,  liquids,  or  amorphous  solids. 
It  becomes  extremely  large  for  c^talline  solids 
under  conditions  of.  Bragg  reflection.  To  calcu¬ 
late  this  effect  one  must  define  and  evaluate  a 
suitable  scattering  factor  F,  which  depends  on  the 
arrangement  of  atoms  of  the  material. 

The  cross  sections  (10)  and  (11)  are  derived 
under  the  restrictive  assumption  that  the  X-ray 
frequency  is  much  larger  than  the  proper  osciUa- 
tion  frequencies  of  atomic  electrons,  i.  e.,  that  the 
photon  energy  greatly  exceeds  the  energies  at 
which  photoelectric  absorption  is  intense.  Insofar 
as  this  assumption  is  not  fulfilled,  the  coherent 
scattering  cross  section  depends  more  critically  on 
the  ratio  between  the  X-ray  frequency  and  the 
proper  frequencies  the  electrons  (effect  of 
anomalous  dispersion).  However,  the  assumption 
fails  seriously  just  at  those  energies  where  the 
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photodectric  cross  section  is  much  larger  than 
the  scattering  cross  section.  Therefore,  an  ac¬ 
curate  knowledge  of  scattering  is  not  required  for 
acceptable  accuracy  on  the  total  probability  of 
interactions.  The  progress  towaras  improved 
calculations  of  coherent  scattering  is  discussed  in 
[22].  The  Rayleigh  scattering  by  electrons  com¬ 
bines  coherently  with  other  processes  of  elastic 
scattering,  such  as  Delbrhck  scattering  and  elastic 
nuclear  scattering;  however,  this  intermrence  effect 
is  of  importance  only  for  large  photon  energies 
and  scattering  angles  at  which  tdl  of  these  processes 
t<^ther  yield  a  negligible  contribution  to  the  total 
attenuation  coefficient. 


3.3.  Pair  Production 

The  production  of  an  electron-positron  pair  by 
the  absorption  of  a  photon  may  be  regarded  as  a 
photoelectric  effect  with  the  ejection  of  electrons 
horn  negative  enei^  states.  Calculation  of  the 
pair  production  probability  is,  therefore,  analogous 
to  the  photoelectric  calculation.  The  pertinent 
approximations  are  of  the  same  types  except  for 
two  main  differences;  (a)  pair  production  occurs 
only  at  relativistic  enemes  (approximation  (b)  of 
section  2.1  is  never  valid)  and  (b)  the  initial  state 
of  the  electron  belongs  to  a  continuum  for  pair 
production  and  to  a  discrete  spectrum  for  the 
photoelectric  effect. 

The  principal  calculations  that  have  been  carried 
out  in  detail  for  the  production  of  an  electron- 
positron  pair  in  the  held  of  the  nucleus  are  listed 
below  with  an  indication  of  the  pertinent  approxi¬ 
mations. 

Bom  calculation  {approximations  a  and  c).  The 
differential  cross  section  was  calculated  for  pair 
production  in  the  Coulomb  field  of  the  nucleus  by 
^the  and  Heitler  [2.3]  and  concurrently  by  Sauter 
[24]  and  Racah  [25].‘*  The  effect  of  screening  of 
the  nuclear  field  by  the  atomic  electrons  was 
studied  by  Bethe  [26].  In  Born  approximation 
the  screening  effect  consists  of  a  destructive  int^- 
ference  of  the  field  of  the  atomic  electrons  with 
the  nuclear  field.  This  interference  reduces  the 
cross  section  by  a  factor  [1— /’(a,Z)],*  where 
F{q,Z^  is  the  same  atomic-form  factor  that 
describes  coherent  scattering  of  X-rays;  that  is, 
the  probability  amplitude  that  the  atomic  electrons 
absorb  a  momentum  q  without  absorbing  any 
ener^.  Bethe  and  Heitler  calculated  screening 
functions  for  a  Fermi-Thomas  distribution  of 
electrons.  Analytical  integration  over  the  possible 
values  of  recoil  momentum  given  to  the  atom  is 
possible  only  for  the  limiting  cases  of  complete  or 
no  screening;  numerical  integration  must  be 
performed  for  the  cases  of  incomplete  screening. 
The  necessary  formulas  and  numerical  data  are 
given,  e.  g.,  [2,  p.  260]. 

Wheeler  and  Lamb  [27]  calculated  screening 
functions  for  hydrogen  using  atomic  wave  func- 

»  For  •  diaeiission  of  the  angular  distributions  in  electron-positron  pair 
and  breniastaahlnng  production  see,  H.  Brysk  (informal  communication). 


tions.  A  comparison  of  the  cross  sections  for 
atomic  hydrogen  in  the  case  of  complete  screenii^ 
shows  the  Wheeler-Lamb  value  to  be  approxi¬ 
mately  2  percent  above  the  Fenni-Thomas  result. 

Nor^Bom  calculation  jor  low  energy  {approximor- 
tion  a).  A  calculation  using  exact  relativistic 
wave  functions  for  an  electron  in  an  unscreened 
nuclear  field  was  made  by  Jaeger  and  Hulme  [28] 
and  Jaeger  [29].  The?’  obtain^  numerical  results 
for  photon  energies  of  3  and  5.2  me  *  and  for  a  few 
elements;  some  interpolation  of  their  results  is 
possible.  For  Pb  at  3  me*  the  Bom  approximation 
value  is  lower  by  a  factor  of  about  2  than  the 
Jaeger-Hulme  value ;  the  difference  is  much  smaller 
at  mgher  photon  energy  and  lower  atomic  number. 

Non-Bom  calculation  jor  high  energy  {approxi¬ 
mations  a  and  e).  The  cross  section  for  specified 
energy  and  direction  of  each  particle  of  the  pair 
was  calculated  by  Bethe  and  Maximon  [11]  with¬ 
out  the  use  of  Bom  approximation  for  energies 
large  compared  to  me*.  The  total  cross  section 
was  obtained  by  analytical  integration  by  Davies, 
Bethe,  and  Maximon  [30].  The  correction  to  the 
Bom  approximation  cmculation  is  important 
only  for  large  momentum  transfer  to  the  atom 
where  screening  is  not  important;  therefore,  this 
correction  may  be  applied  equally  to  the  cases  of 
(xrmplete,  incomplete,  or  no  screening.  For  the 
practical  cases  of  incomplete  screening' a  correc¬ 
tion  (calculated  in  reference  11  and  approximately 
proportional  to  Z*)  may  simply  be  subtracted  from 
the  screened  Born  approximation  calculation  to 
give  the  total  cross  section.  For  photon  energy 
e—hvlnu^  the  main  residual  error  in  the  calcula¬ 
tions  of  reference  30  is  known  to  be  of  the  form 
(o*  log  «)/e,  where  a*  can  be  determined  by  fitting 
to  the  experimental  data  for  each  element. 

Pair  production  in  the  electron  field.  Pair  pro¬ 
duction  necessarily  imparts  a  recoil  momentum 
to  the  electric  field  in  which  it  takes  place.  The 
calculations  indicated  above  pertain  to  the  case 
where  the  recoil  is  absorbed  by  an  atom  as  a  whole; 
the  electrons  remain  rigidly  attached  to  the 
nucleus  so  that  their  fields  combine  coherently 
with  the  nuclear  field  to  yield  a  screening  effect. 
In  addition,  the  recoil  may  be  absorbed  by  a  single 
atomic  electron  which  is  thereby  ejected  from  the 
atom.  The  total  cross  section  for  this  process 
results  as  the  sum  of  the  incoherent  contributions 
from  all  electrons.  The  recoiling  electron  can 
take  up  a  substantial  fraction  of  the  energy  of  the 
incident  photon  but  this  occurs  mainly  for  photon 
energies  near  the  threshold ;  the  threshold  here  is 
4  me  instead  of  2  me*. 

Calculation  without  exchange  {approximation  c). 
This  calculation  was  made  by  Borsellino  [31], 
assuming  the  electron  to  be  free  from  atomic 
bon(ls.  The  cross  section  was  integrated  analyti¬ 
cally  over  the  energies  and  directions  of  the  pair 
particles  for  photon  energies  from  4  to  100  me*. 
In  this  calculation  the  total  cross  section  for  the 
electron  field  approaches  that  of  an  imscreened 
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H  atom  as  the  photon  energy  becomes  much 
lan^  than  me*. 

In  order  to  take  into  account  the  bonds  of  elec¬ 
trons  within  atoms,  the  cross  section  for  pair 
production  with  a  given  recoU  of  a  free  electron 
must  be  multiplied  by  the  probability  that  this 
recoil  actuaUy  ejects  an  electron  from  its  atom. 
This  probability  is  the  same  incoherent  scattering 
function  S(a,Z)  that  appears  in  (10)  and  is  dis¬ 
cussed  in  the  appendix.  The  cross  section  thus 
reduced  must  then  be  integrated  over  aU  possible 
values  of  the  recoil  momentum. 

A  calculation  of  this  type  was  made  by  Wheeler 
and  Lamb  [27],  using  the  incoherent  scattering 
function  denved  from  the  Thomas-Fermi  mod^ 
The  total  cross  section  was  obtained  by  integrating 
only  over  momentum  transfers  up  to  me  for  inc^ 
dent  j^otons  with  enei^es  large  compared  to 
me*.  The  Thomas-Fermi  model  gives  an  errone¬ 
ously  large  probability  of  incoherent  scattering 
for  small  values  of  the  recoil  momentum.  This 
fact  is  borne  out  in  the  comparison  Wheeler 
Lamb  made  between  a  cidculation  nwinp  the 
ThomasrFenni  model  and  a  aimilar  calcmation 
using  atomic  wave  functions  for  hydrogen:  for 
photon  energies  very  large  compared  to  mr  the 
two  calculations  differ  by  approximately  12 
percent. 

CalciUcUion  with  exchange  (approximadem  c). 
This  calculation  was  made  by  Vortruba  [32]  for 
an  electron  free  of  atomic  bonds.  An  integral 
cross  section  was  obtained  only  for  the  limitiTig 
cases  of  photon  energy  near  the  threshold  or  large 
compared  to  me*  and  yielded  the  approximate 
formulas  “ 


<rp^=5.6  X 10-*  ^(-^,-4 
1 37  \mc* 


y 


for  0<-^--4<l 
me*  ~ 

(12) 

(la) 

withr?=7.94X10-*«cm*. 

The  ^change  effect  (due  to  the  identity  of 
the  recoil  and  pair  electron)  is  very  large  near 
the  threshold  energy;  a  factor  of  4.5  between  the 
resulte  of  Borsellino  and  Vortruba  is  attributed 
to  this  effect.  The  effect  of  exchange  decreases 
CTeatly  when  the  recoil  electron  takes  up  very 
little  of  the  available  energy.  This  situation  pre¬ 
dominates  when  the  photon  energy  is  large  com- 

6ared  to  me*.  Therefore,  it  was  believed  9iat  the 
ioraellino  calculation  would  be  adequate  in  this 
region.  However,  the  detailed  recmculation  by 
Rohrlich  and  Joseph  [33]  shows  that  the  difference 
between  the  cross  sections  of  Vortruba  and  Borsel¬ 
lino  is  quite  substantial;  the  former  is  only  about 


■*  An  enot  evaluation  by  Bohriich  and  Joseph  I 
equation  Uvea  11.78  Instead  of  li  Ad::0.8. 


I  of  the  constant  in  this 


75  percent  of  the  latter  at  a  photon  energy  of 
100  Mev. 

A  calculation  by  Rohrlich  and  Joseph  [33]  for 
atomic  hydrogen  in  the  limit  of  photon  energy 
very  large  compared  to  me*  shows  that  the  ex¬ 
change  ^ect  modifies  the  result  of  the  Wheeler- 
Lamb  hydrog^  calculation  by  about  19  percent. 
Exchange  weights  the  momentum  transfer  dis¬ 
tribution  toward  smaller  momenta  and  therefore 
decreases  the  cross  section  for  pair  production 
with  elytron  recoil.  (The  cross  section  for  pair 
production  with  nuclear  recoil  is  increased  slightly.) 

Other  calculations  of  the  cross  section  m  the 
electron  field  were  rnade  by  Nemirovsky  [35]  and 
Watson  [36].  Nemirovsky  was  concerned  only 
with  a  photon  energy  near  the  threshold,  and  his 
numerical  result  is  essentially  in  agreement  with 
Vortruba.  Watson  obtained  a  cross  section  that 
approaches  twice  that  of  an  unscreened  H  atom 
as  the  photon  energy  becomes  very  large  compared 
with  me*. 

2.4.  Nuclear  Absorption  and  Scattering 

The  absorption  of  a  photon  with  subseiment 
emission  of  nuclear  particles  (nuclear  photoeffeeb) 
makes  a  contribution  to  the  total  attenuation  co¬ 
efficient  that  is  usually  of  the  order  of  5  percent  or 
less  and  confined  ma^y  to  an  energy  interval  of 
less  than  10  Mev,  but  is  occasionally  substantially 
lar^r.  No  data  on  nuclear  absorption  are  given 
in  the  main  tables  of  this  Circular,  but  some  infor¬ 
mation  on  the  process  *is  given  and  is  utilized  for 
the  analysis  of  experimental  data  m  the  region 
where  this  process  is  Comparatively  important. 

The  probability  of  the  nuclear  photwffect  has 
the  following  main  trend.  It  increases  rapidly 
with  energy  above  the  threshold  for  emission  of 
nuclear  particles,  reaches  a  maximum  and  then 
decreases  rapidly  as  the  energy  of  the  incident 
photon  increases  further.  The  position  of  maxi¬ 
mum  cross  section  varies  from  about  13  Mev  in 
uranium  to  about  23  Mev  in  carbon.  The  width 
of  the  absorption  curve  appears  to  show  no  sys¬ 
tematic  variation  but  varies  from  5  to  8  Mev. 
Values  of  the  cross  section  for  neutron  emission  in 
this  broad  maximum  vary  with  atomic  weight 
from  about  10  millibarns  in  carbon  to  1  barn  in 
uranium  [37,  38].  A  cross  section  of  the  same 
order  of  magnitude  is  estimated  for  proton  as  for 
neutron  emission  from  low-Z  nuclei. 

Cross  sections  for  photoneutron  emission  are 
given  in  table  3  for  comparison  with  total  cross 

»  An  experiment  bv  Bernstein  and  Panobky  [34]  Indlcatee  that  exchange 
effects  are  not  negligible  at  very  high  photon  energiee  in  the  prodnetion  of 
bremsstrahlnng,  which  is  closely  related  to  pair  prodnetion.  The  production 
ot  23S-Mev  photons  by  COO-  and  fiSO-Mev  electrons  in  liquid  hydrogen  was 
measured  and  compared  with  the  Wheeler  and  Lamb  calculations;  the 
measured  result  was  2.4±2A  percent  below  the  calculated  value.  Aninciease 
of  about  3  percent  in  the  measured  value  above  the  calculation  is  expected 
due  to  interference  effects  between  the  individual  nuclei  and  electrons  in  the 
hydrogen  molecule,  whereas  a  decrease  is  expected  because  of  neglect  of  ex¬ 
change  effects  in  the  calcnlation.  The  ma^tude  of  this  decrease  can  be 
inferred  from  the  calculations  of  Bobrllch  and  Josrah,  who  find  for  atomic 
hydrogen  in  the  very  high  energy  limit  that  the  total  integral  cross  section 
for  pair  i^notlon  (sum  of  values  in  the  nuclear  and  the  electron  field)  is 
deereasea  by  about  9  percent  by  the  exchange  effect. 
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sections  for  non-nuclear  processes  tabulated  in 
this  circular.  The  data  for  the  photonudear.  effect 
from  Katz  et  al.  were  plotted  and  values  were 
read  from  a  smooth  curve  over  the  interval  for 
which  the  cross  section  is  about  1  percent  or  more 
of  the  total  absorption  cross  section.  The  interval 
covers  5  to  8  Mev,  and  the  photoneutron  cross  sec¬ 
tion  at  maximum  is  4  or  5  percent  of  the  total 
absorption  cross  section. 

Data  on  the  elastic  scatterirg  of  X-rays  [39] 
associated  with  the  nuclear  photoeffect  show  the 
same  general  features  as  the  neutron  vieid  data. 
The  maximum  cross  section  varies  from  0.12 
millibam  for  Na  to  15  millibams  for  Pb.  These 
cross  sections  are  about  100  times  smaller  than  the 
corresponding  values  from  neutron  yield  data  and 


are  negligible  compared  to  the  total  attenuation 
coefficient. 

X-rays  can  also  be  absorbed  or  scattered  by 
nuclei  with  high  probability,  if  their  irequen^  lies 
within  certain  narrow  resonance  lines.  These 
lines  lie  at  lower  energy  than  the  main  continuous 
al^rotion  spectrum,  mostly  near  to  or  below  the 
threshold  for  particle  disintegration.  The  nhoton 
energy  corresj^nding  to  individual  lines  is  Known 
only  in  few  instances.  The  width  of  typical  lines 
is  of  the  order  of  1  ev.  The  aggr^ate  absorption 
of  the  line  spectrum  from  a  continuous  spectrum 
of  X-rays  is  negligible,  but  for  X-rays  within  the 
line  width  the  cross  section  probably  often  ap- 
roaches  a  theoretical  limit  of  the  order  of  100 
arns. 


3.  Calculation  of  Attenuation  Coefficients  and  Comparison  With  Experiment 


The  data  tabulated  in  tables  12  to  40  were 
derived  primarily  from  theoretical  calculations. 
Experimental  data  served  primarily  as  a  check, 
but  also  as  a  guide  in  setthng  dubious  questions 
and  providing  empirical  corrections. 

3.1.  Photoelectric  Effect 

The  cross  section  for  the  photoeffect  in  the  K 
shell  was  calculated  by  the  Sauter-Stobbe  formula 

(2)  in  the  low-energy  range.  Correction  factors 
in  table  4  were  apphed  to  the  Sauter-Stobbe  for¬ 
mula  at  energies  from  10  to  100  kev  (see  discus¬ 
sion  below).  In  the  energy  range  between  0.34 
and  1.1  Mev  interpolated  data  from  the  Hulme 
calculations  (see  p.  4)  were  utilized.  In  the 
high-energy  region  the  Hall  formula  for 

(3)  was  used.  An  effective  nuclear  charge  of 
Z— 0.3  was  used  throughout  to  correct  for  screen¬ 
ing  in  the  K  shell  (see  p.  5). 

Cross  sections  for  the  L  and  M  shells  were 
calculated  by  the  Stobbe  formulas.**  Above  the 
K  edge  len^h^  calculations  for  the  L  and  M 
shells  were  avoided  b^r  a  procedure  that  relies  on 
the  slowness  of  variation  of  the  ratios  among  the 
cross  sections  for  different  shells.  The  ratios  mven 
by  the  Stobbe  formulas  were  calculated  at  the  K 
edge  and  at  an  energy  of  340  kev.  These  ratios 
are  given  in  table  5  for  a  number  of  elements.*^ 

The  Sauter-Stobbe  calculations,  which  serve  as 
a  zero  approximation  to  the  K  shell  cross  section 
throughout  the  interval  from  the  K  edge  to  340 
kev,  were  corrected  for  the  effect  of  the  L  and  M 
shells  on  the  basis  of  the  ratio  at  the  K  edge. 
The  other  two  calculations,  from  Hulme  and  from 
the  HaU  formula,  were  corrected  initially  on  the 
basis  of  the  ratio  at  340  kev. 


■*  The  date  for  Pb,  I.  and  Ou  bi  from  L.  Katz  et  al.  for  the  natural  elements 
(private  eommnnlcatton  with  E.  Q.  Fuller).  The  data  for  C  If  ftom  L.  Kats 
aM  A.  O.  W.  Oameroa,  Ou.  J.  Phys.  S9^  SIS  (1951). 

For  tabnlationf  of  the  oscillator  streiiffth  for  i^toelleet  on  the  JT.  £, 
and  Afrtiellsasealealatedftom  Stobbe  fonnnlas,  see  Lewis  [40]. 

<’  Notice  that  the  ratfos  In  table  5  are  snbetantlallp  lower  than  the  standard 
ratio  1^ which  Is  often  ntoized  In  the  literature  (see  the  diaciisslan  on  p.  5). 
This  amerenee  Is  rrileeted  in  the  dlffetenoe  betwiwn  the  photo  effect  omas 
sections  ^van  in  this  Olrcolar  and  In  the  tables  by  Davisson  and  Kvans  (>]. 


The  three  sets  of  values  so  obtained  were  then 
plotted  together  and  graphical  adjustment  was 
made  by  drawing  a  smooth  curve  wmeh  represents 
the  final  photoeffect  cross  section.  Figures  2  and 
3  illustrate  the  procedure  followed  and  show  com¬ 
parisons  with  both  theoretical  and  experimental 
data.  Only  a  limited  revision  of  the  analysis 
based  on  Hall’s  calculation  was  required  by 
Nagasaka’s  results  indicated  on  p.  4. 

uiaemsum  of  data  jor  %»';>!  Mev.  Comparison  of 
calculations  by  the  Hall  formula  (3)  and  the 
Nagasaka  formula  (4)  is  shown  in  figure  2.  The 
calculations  agree  within  1  percent  at  Ai'=2.6 
Mev,  which-is  appinximat^  the  crossover  point 
of  the  two  calculations.  The  Hall  data  at  2.6 
Mev  was  used  to  interpolate  from  the  Hulme  data 
at  1.1  Mev  into  the  hi^h-energy  region.  The 
errors  in  Hall’s  formula  will  ^ect  the  photoeffect 
cross  sections  tabulated  in  this  report  above  about 
3  Mev  for  Pb;  the  resulting  uncertainty  in  the 
total  cross  section  is  not  sigmficant. 

Laty^ev  [18]  made  the  only  direct  measurement 
of  photoeffect  cross  section  in  the  high-ener^ 
re^on.  Other  data  shown  in  figure  2  was  otv 
tamed  from  measurements  of  the  total  cross 
section  by  subtracting  the  scattering  (coherent 
and  incoherent)  and  pair  production  cross  sections. 
The  errors  indicated  on  each  point  correspond  to 
the  error  ^oted  by  the  author  for  the  total  cross 
section.  The  only  data  showing  significant  de¬ 
viation  from  the  mculated  curves  are  the  values 
at  2.62  Mev  (X~0.2)  and  at  5.3  Mev  (X~0.1). 

Discussion  of  the  data  for  hv  between  0.1  and  1 
Mev.  The  experimental  data  shown  in  figure  3 
were  obtain^l  oy  subtracting  the  scattering  cross 
section  (coherent  and  incoherent)  from  the  meas¬ 
urement  of  total  attenuation  (xiefficient.  The 
data  of  Jones  [41]  for  Pb  and  Sn  are  generally 
higher  than  the  calculated  curves.  The  data  of 
Cuykendall  [42]  for  Al  a^ee  with  the  calculated 
curve  within  the  experimental  error.  Experi¬ 
mental  data  in  the  region  of  the  Hulme  (»ilcula- 
tions  are  vrithin  the  error  ^timated  for  the  calcu¬ 
lations  (4%  in  Pb;  about  8%  in  Sn).  Although 
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measurements  of  total  cross  section  at  energies 
of  0.411,  0.511,  and  0.655  Mev  were  made  with 
^h  accuracy,  an  error  of  a  few  percent  may  result 
in  the  photoeffect  cross  section  due  to  uncertainty 
in  the  cross  section  used  for  coherent  scattering 
(see  section  3.2).  A  direct  measurement  of  the 
photoeffect  cross  section  for  0.511  Mev  7-rays  on 
the  K  shell  of  Pb  by  Seeman  [43]  mves  a  value 
7  percent  al^ve  the  Hulme  calcination.  The 
r^ult  is  within  the  combined  error  of  the  calcula¬ 
tion  and  the  experiment  (3%).  Additional  direct 
measurements  of  the  photoeffect  cross  section 
in  this  energy  r^on  would  be  very  desirable. 

Dis^sion  of  data  for  hv<C0.1  Mev.  The  data 
in  this  energy  range  are  fairly  numerous  for 
low-Z  matenms  but  only  moderately  accurate 
(~10%).  Exceptions  are  the  data  from  Cuyken- 
dall,  Hubbell,**  and  French, *•  with  errors  of  2 
to  5  percent.  Data  used  for  this  comparison 
were  assembled  from  Allen  [44],  Grosskurui  [45]. 
Cuykendall  and  Hubbell,  as  well  as  empirical 
data  from  Victoreen  [46]  and  a  British  group.” 
Even  though  there  is  considerable  variation  among 
the  data  and  obvious  errors  in  spots,  there  is  a 
general  trend  toward  values  for  the  experimental 
data  higher  than  calculated  from  the  Sauter- 
Stobbe  formula.  Empirical  correction  factors 
were  obtained  by  this  comparison  and  are  given  in 
table  4 ;  the  data  presented  in  the  main  table  are 
obtained  by  applying  these  corrections  to  the 
Sauter-Stobbe  calculations.  A  theoretical  inter- 

?>retation  of  these  corrections  is  in^cated  in 
ootnote  7.  The  measurements  by  French  (which 
were  not  available  for  the  above  comparison) 
suggest  that  for  A1  no  corrections  might  actually 
have  been  required. 

The  estimated  imcertainty  in  the  calculated 
cross  sections  tabulated  in  this  report  for  the 
photoelectric  effect  varies  from  5  to  15  percent. 
Great  improvement  could  be  made  in  the  low- 
enei^  region  by  a  systematic  study  (either 
theoretical  or  experimental)  especially  for  low-Z 
elements. 


3.2.  Scattering  by  Atomic  Electrons 

Column  2  of  tables  12  to  40  gives  the  cross  sec¬ 
tions  for  coherent  and  incoherent  scattering  by 
the  electrons  of  various  atoms.  These  data  repre¬ 
sent  total  scattering  cross  sections  because  scatter- 
u^by  particles  other  than  atomic  electrons  con¬ 
tributes  to  the  total  scattering  cross  section  an 
amount  smaller  than  the  estimated  error  of  the 
data.  The  binding  of  the  electrons  within  the 
atoms  was  taken  mto  account  by  methods  dis¬ 
cussed  in  section  2.2.  To  obtain  the  total  cross 
section,  the  numerical  values  of  the  separate  differ¬ 
ential  cross  sections  (10)  and  (11)  were  calculated 
numerically  for  a  number  of  values  of  the  scatter- 

measnrements  (or  A1  and  Co.). 
Asaodation,  0. 3. 1. 3. 1  and  A. 
Vernon  Ho^ltal,  Northwood, 


■'  J.  HabbeU  (nrlvate  oommnnlcatlon). 

>'  R.  L.  Frend  (private  oommnnieation, 
**  The  data  are  w 
3.1.x  (1-4)  %  Mr. 

Mlddleaex,  Ensland 


im  Hoepltal  Pbysiciits 
F.  S.  Stewart,  Mount 


ing  ai^e  9,  then  added,  and  finally  integrated 
numerically  over  all  directions  of  scattering. 
The  contribution  of  either  the  coherent  or  the 
incoherent  process  was  neglected  at  any  9  where  it 
amounts  to  less  than  0.5  percent  of  the  other. 
Thereby  each  of  the  cross  sections  was  omitted 
just  in  the  range  of  variables  where  its  accuracy 
IS  lowest,  that  is,  incoherent  scattering  was  omitted 
where  the  momentum  transfer  to  the  atomic 
electrons  is  small  ^ow  photon  energy,,  small 
scattering  angle)  ana  coherent  scattering  where 
the  momentum  transfer  is  large. 

The  incoherent  scatterii^  function  Siq^)  that 
was  entered  in  (10)  is  derived  from  the  Thomas- 
Fermi  theory  of  atomic  structure.  The  numerical 
values  utilized  are  given  in  the  second  column  of 
table  41  and  are  discussed  in  the  appendix.  The 
form  factor  F(q,Z)  to  be  entered  in  (11)  consists 
of  an  integral  over  the  density  distribution  of 
atomic  electrons  [22].  The  density  distribution 
given  by  the  Thomas-Fermi  model  was  utilized 
at  Z>26  for  all  values  of  q,  and  at  Z<26  only 
for  large  values  of  q.  For  Z<  26  and  for  small  q, 
the  vdues  of  F(q,Z)  tabulated  by  James  and 
Brindley  [471  and  by  Compton  and  Allison  [481 
served  as  a  oasis.  These  values  utilize  electron 
distributions  derived  from  Hartree  wave  functions. 
Further  corrections  were  made  on  the  values  of 
F{q,Z)  for  C,  N,  O,  utilizing  more  (“ecent  data 
of  [22].« 

For  the  high-Z  elements,  where  photoelectric 
absorption  edges  occur  the  cross  section  for  coher¬ 
ent  scattering  departs  substantially  from  the  form 
(11)  as  indicated  in  section  2.2.  and  is  no  longer  a 
smooth  function  of  energy.  H6nl  [49]  ”  investi¬ 
gated  the  variation  of  the  coherent  s^ttering 
cross  section  in  regions  of  anomalous  dispersion 
and  cdculated  particularly  its  decrease  in  the 
region  of  the  K  absorption  edge.  A  rough  cal- 
cmation  indicates  an  error  of  10  to  20  percent  in 
the  cross  section  for  elements  from  U  to  Mo, 
giving  an  error  of  less  than  3  percent  in  the  total 
cross  section  at  an  energy  just  below  that  of  the 
liCedge. 

Experimental  measurements  of  the  cross  section 
for  coherent  scattering  consist  mainly  of  data  for 
very  small  or  very  large  [51]  momentum  changes 
q  of  the  photon.  The  data  for  small  q  have  been 
reviewed  [22].  The  only  measurements  of  direct 
interest  for  comparison  with  the  calculations  of 
this  Circular  were  made  by  Storruste  [52]  and 
Mann  [53].  At  0.411  Mev  both  sets  of  data 
show  good  agreement  with  the  Thomas-Fermi 
form  factor  calculations  for  Pb.  At  photon 
energies  of  0.662  Mev  for  Sn  and  Pb  and  of  1.33 
for  Pb,  Mann’s  data  still  show  satisfactory  aCTee- 
ment  at  angles  of  scattering  in  the  range  of  the 
calculations  of  the  present  paper. 

»  A  survey  was  made  to  estimate  the  sensitivity  of  the  totai  cross  sectbms 
to  further  improvements  in  the  'ndues  of  F(g,Z),  which  could  be  introduced 
on  the  basis  of  [23].  These  improvements  would  modify  the  tot^  scattering 
cross  sections  by  no  mote  than  5  percent  and  the  total  absorptim  coefficient 
by  no  more  than  1  percent. 

»  See  Compton  and  AUiaon  [48,  p.  315]  and  also  Parratt  and  Hempet^  [50]. 
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Talndation  exelvding  c(durent  acattering.  Co¬ 
herent  floattering  has  usually  a  nunor  influence  on 
the  penetration  of  X-rays  under  conditions  other 
than  ‘‘narrow  beam”,  because  it  is  accompanied 
by  no  energy  loss  and  by  a  deflection  that  is 
most  frequently  negligible.  .  Therefore,  this  proc¬ 
ess  has  been  disregarded  in  many  studies,  and 
it  becomes  desirable  to  provide  data  on  absorption 
coefficients  that  do  not  include  any  contribution 
from  coherent  scattering.  Column  3  of .  tables 
12  to  40  gives  a  scattering  cross  section  that  is 
simply  the  Elein-Nishina  cross  section  of  one 
electron,  as  given  in  table  2,  multiplied  by  the 
number  of  electrons  Z. 

3.3.  Pair  Production 

The  Bethe-Heitler  Born  approximation  calcu¬ 
lation  was  used  as  a  zero  approximation  to  the 
pair  production  cross  section  in  the  field  of  the 
nucleus  for  all  Z’s. 

For  Av<10  me*,  screening  effects  are  negligible 
and  the  cross  section  for  an  unscreened  nuaeus 
was  obtained  from  the  formula  of  Hough  [54], 
which  fits  numerically  the  Bethe-Heitler  results  to 
within  0.1  percent.  For  A»>10  me*,  the  BeUie- 
Heitler  formula  given  in  [2,  p.  260]  was  utilized 
and  was  int^n^ted  munericslly  over  the  energy 
distribution  between  the  pair  particles.  Intw- 
polation  in  Z  is  easily  accompliimed  as  the  cross 
section  in  imits  of  rgZ*/137  is  a  smooth  and 
slowly  varying  function  of  Z,  particularly  in  the 
low-energy  region.  For  A»>30  Mev  the  inter¬ 
polation  IS  further  helped  by  plotting  F=vpiar/ 
^/137)-f-(28/27)lnZ  against  7=100me*/Av2H.i» 
Table  6  indicates  the  dependability  of  this  proce¬ 
dure  by  showing  that  the  relationships  between 
F  and  7  for  Al  and  Pb  are  almost  identical  for 
fti»>15  Mev. 

Corrections  to  the  Bom  approximation  values 
were  applied  at  all  energies.  These  corrections 
depend  priman^  upon  the  theoretical  calculations 
of  Jaeger  and  Hulme  [28, 29]  at  low  photon  ener^ 
(Ai'<10  me*)  and  of  Davies,  Bethe,  and  Maxi- 
mon  [30]  at  hi^  photon  energy  (Aj»»10  me*). 

The  calculations  of  Ja^er  and  Hulme  have  been 
verified  in  several  experiments  including  those  of 
Dayton  [55],  Hahn  et  al.  [56],  and  Schmid  and 
Hub  er  [57].  These  authors  measured  relative  pair 
production  cross  sections  at  hv<2.62  Mev  and 
fitted  their  data  by  Z- dependent  formulas  of  the 
form  vpaiT=VBom(l+aZ*),  assuming  that  the  Born 
approximation  is  correct  in  the  Emit  of  low  Z. 
Schmid  [58]  measured  the  absolute  pair  cross  sec¬ 
tion  for  Pb  with  Co*®  and  N a**.  These  calculations 
served  as  a  basis  for  graphical  interpolation,  as 
illustrated  by  the  plot  of  the  ratios  artit/^aon  for 
Pb  on  the  left  side  of  figure  4. 

Followii^  the  work  of  Davies,  Bethe,  and 
Maximon  [30]  see  section  2.3)  a  correction  to  the 


Bom  approximation  for  Ai*>5  Mev  was  obtained 
by  fitting  a  semiempirical  form\ila 


*  I  » hi  « 
<^P»Ir=VBoni — - > 
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where  c  is  the  photon  energy  in  me*,  <rBon  is  the 
Bethe-Heitler  cross  section  mr  a  screened  nudeus, 
Afft  ia  the  Coulomb  correction  calculated  in  refer¬ 
ence  [30]  for  the  high-energy  limit,  and  a*  is  a 
constant  to  be  determined  from  experimental  data. 
Values  of  Av,  and  a*  for  a  few  Z  are  given  in  table  7. 
The  values  of  a*  were  detormined  primarily  from 
the  data  of  Paul  [59]  and  Colgate  [5]  at  6.13  Mev, 
except  at  low  Z. 

In  the  fitting  of  a*  much  weight  was  given  to 
the  requirement  that  the  plot  of  (13)  extrapolate 
smootoW  to  the  ei^rimental  data  and  to  the 
Jaeger-Hulme  calculation  results  at  low  eneiw 
(Ap<2.6  Mev).  This  requirement  caused  the 
final  estimates  of  (Tp^i,  to  fall  4  to  5  percent 
bdow  the  estimates  ^awn  from  experimental 
data  for  Al  and  C  at  higher  energies  (Ap>6  Mev). 
This  descrepancy  does  not  appear  serious  because 
the  main  experimental  evidence  is  derived  from 
measurements  of  total*  attenuation  coefficients 
from  which  one  must  subtract  the  contributions  of 
other  processes.  For  low-Z  elements  the  contri¬ 
bution  from  triplet  formation  is  considerable. 
This  contribution  has  to  be  estimated  theoreticaUy 
and  deducted  from  the  measured  absorption  co¬ 
efficient  to  obtain  the  experimental  values  of  vpatr* 
The  use  of  Vortruba’s  calculation  rather  than 
those  of  Bbrsellino  or  Wheeler  and  Lamb  makes  im 
to  8  percent  difference  in  the  estimate  of  vp^ir  ip  C, 
but  much  less  (1  to  2%)  for  Al  around  17  to  20 
Mev.  ^  The  contribution  from  photonuclear  proc- . 
esses  is  likewise  relatively  more  important  for 
low-Z  elements.  Differences  of  about  5  percent 
in  the  estimate  of  artit  for  Z<29  are  caused  by 
assuming  an  uncertainty  of  100  percent  in  the 
cross  section  for  the  prod.uction  of  neutrons.  The 
values  of  vihieiMr  used  to  reduce  the  data  entered 
in  figure  4  were  taken  from  various  sources  of 
experimental  data  on  the  photonuclear  processes. 
For  Z<13  it  was  assumed  that  the  probability 
for  production  of  protons  equals  the  probability 
foi^roduction  of  neutrons. 

Ipe  data  at  6.13  Mev  were  given  much  weight 
in  fitting  a*  for  Z>29  to  minimize  the  uncer¬ 
tainties  m  unraveling  the  pair  production  cross 
section  from  total  attenuation  coefficients.  This 
energy  lies  below  the  threshold  of  the  main  photo¬ 
nuclear  processes.  With  regard  to  the  photo¬ 
electric  effect,  at  6.13  Mev  its  contribution  to 
the  total  absorption  is  small  even  in  Pb.  On  the 
other  hand,  fitting  a*  at  large  energies,  above  the 
range  of  large  photonuclear  cross  sections,  would 
yield  low  accuracy  because  the  value  of  e~‘  In  c 
becomes  quite  small. 

A  complete  curve  of  the  ratio  vpsir/vBom  is 
given  in  figure  4  for  Pb,  with'  all  the  relevant 


*■  A  tbeontleal  intcrpratetlon  of  this  procedure  Is  given  in  [3]. 


experimeaUl  data.  The  ounres  thus  obtained 
by  fittujg;  ci^  in  (4)  agree  with  all  experimental 
data  satufaotorily  except  for  the  data  of  Rosen- 
blum  et  al.  [60]  at  5.13  and  10.3  Mev,  where  they 
are  well  outeide  the  experimental  error  stated  by 
the  authors. 

The  curve  for  iodine  in  figure  5  shows  a  com- 

{>arison  of  calculated  ratios  of  ffrur/vaon  by  West 
61],  usii^  experimental  data  derived  frim  various 
sources  including  his  own  measurement  of  abso¬ 
lute  and  relative  pair  production  cross  sections  in 
sodium  iodide  using  sources  of  Co***  and  Na**. 
This  comparison  is  especially  interesting  since 
most  of  the  data  for  iodine  was  calculated  using 
Z-dependence  formulas  determined  bj  the  various 
au^ors.  A^-eement  is  mostly  within  the  experi¬ 
mental  errors,  excluding  the  data  of  Rosenblum 
et  al.  at  5.13  and  10.3  Mev.  The  data  of  West  at 
1.17  Mev  are  ihe  only  ones  available  at  this  low 
eneigy  and  cannot  be  compared  directly  with 
other  experimental  or  theoretical  data.  They 
indicate  an  increase  in  the  ratio  es  the 

thre^old  energy  is  approached  more  rapi^y  than 
expected  by  the  extrapolation  carried  out  in  the 
figure. 

Generally,  experimental  data  fit  the  calculated 
curves  within  experiments!  errors  of  a  few  percent. 
The  estimated  error  in  the  pair  cross  sections 
given  in  the  main  table  is  about  3  percent  except 
at  ^e  lowest  energies  «3  Mev)  and  in  the  r^on 
where  absorption  by  the  nuclear  photoeffect  is 
important  (10  to  30  Mev). 

Pair  Production  in  the  eUctron  field.  Calcula¬ 
tions  of  the  pair  cross  section  m  the  field  of 
electrons  were  made  by  using  the  formula  of 
Vortruba  (12)  and  (13).  Graphical  interpolation 
was  made  in  the  enei^  region  where  the  two 
formulas  were  not  valioT  T^  was  accomplished 
by  Maiifning  the  validity  of  the  formulas  to  be  less 
restricted  man  indicate  and  also  by  using  the 
calculations  of  Borsellino  [31]  (see  2.3)  as  a  guide 
to  the  shape  of  a  curve  of  vxicotfoo/vproiga. 

It  is  dimcult  to  assign  an  error  to  this  esti¬ 
mate.  There  are  no  dnect  measurements  of  the 
cross  section  for  pair  production  with  electron 
recoil  (triplet  production).  Some  evidence  is 
obtained  mdirectly  from  measurements  of  the 
total  absorption  coefficient  in  hydrocarbons  [62] 


and  also  from  measurements  on  the  relate^rocess 
of  bremstrahlung  [34]  (see  footnote  13).  ^wever 
the  weight  of  this  evidence  is  diluted  in  the 
process  of  extracting  information  on  the  triplet 
process,  and  the  resulting  accuracy  is  not  adequate 
to  improve  the  theoretii^  estimates. 

3.4.  Total  Attenuatioii  Goeffident 

Total  cross  sections  were  obtained  by  siunming 
the  cross  sections  for  the  individual  absorption  and 
scattering  processes  discussed  (3.1,  3.2,  and  3.3). 
Cross  sections  for  nuclear  processes  are  not 
included  for  the  reasons  indicated  in  2.4.  The 
results  are  given  in  tables  12  to  40.  Cross  sections 
for  the  individual  processes  are  expressed  in  hams 
(10~**  cm^,  and  the  total  absorption  co^cient  is 
given  as  a  mass  coefficient  in  square  centimeters 
per  gram.  Conversion  factors  from  bams  to 
square  centimeters  per  gram  are  tabulated  for 
each  Z.  Attenuation  co^cients  with  and  with¬ 
out  the  contribution  of  coherent  scattering  (see 
section  3.2)  are  givm  separately.  The  purpose 
for  which  the  data  are  used  wul  determine  the 
choice  between  the  two  sets  of  data.  , 

In  general,  data  are  tabulated  with  a  number  of 
digits  such  that  the  uncertainty  in  the  last  digit 
amounts  to  a  very  few  units..  However,  the  totd 
attenuation  data  are  given  throughout  with  three 
digits^  for  purpose  of  smoothness,  evm  whe'>  '  3 
last  digit  may  oe  in  substantial  error. 

The  estimated  errors  have  been  discussed  in 
some  detsU  in  the  preceding  seations.  A  com¬ 
parison  of  the  tabulated  to^  absorption  coeffi¬ 
cients  with  experimental  data  is  shown  in  tables 
8  to  11.  As  an  over-all  estimate,  the  errors  may 
easily  approach  10  percent  below  50  kev,  espe¬ 
cially  for  light  elements,  but  probably  do  not 
exceed  3  to  5  percent  above  100  kev. 


The  author  thanks  the  large  number  of  persons 
who  assisted  in  the  preparation  of  this  Circular  by 
contributing  generously  of  their  time  and  informa¬ 
tion  in  discussions  and  by  correspondence.  The 
cooperation  of  U.  Fano  in  the  preparation  of  the 
manuscript  is  greatly  appreciate. 
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Tabli  4.  Correction  faetore  ajtplied  to  the  Savter-Stotibe  formula  at  photon  energy  of. 10  to  100  tee 


Table  7.  JTie  Coulomb  correction  bo,  and  the  energy  de¬ 
pendent  term  a*  of  the  empirical  correction 
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.517 

.309 

.10 

.1)93 

.295 

.15 

.liU) 

.265 

.20 

.hP7 

.2ii3 

.30 

.351) 

.a2 

.l<o 

.317 

189 

.50 

.289 

.173 

.60 

.268 

.160 

.80 

.235 

.UlO 

1.0 

.211 

.126 

1.5 

.1716 

O.OOOOlilt 

.103 

2.0 

.lii6U 

.00018 

.0»76 

3.0 

.1151 

.00051 

0.00001 

.0691 

U.O 

.0960 

.00062 

.00005 

.0979 

5.0 

.0828 

.0011 

.0001 

.0502 

6.0 

.0732 

.0013 

.0002 

.01)1)6 

8.0 

.0599 

.0018 

.0001) 

.0371 

10 

.0510 

.00a 

.0006 

.03a 

15 

.0377 

.0028 

.oou 

.021)9 

20 

.0302 

.0033 

.0015 

.0209 

30 

.0220 

.oobo 

.ooa 

.0168 

llO 

.OI7I16 

.001)5 

.0026 

.01b7 

50 

.011156 

.001)8 

.0029 

.0133 

60 

.01251) 

.0051 

.0033 

.0125 

80 

.00968 

.0056 

.0038 

.0115 

100 

.00620 

.0059 

.001)2 

.0109 

a  Total  scattering  for  Qsrdrogen  Is  giTsn  by  Uw  Klsin-NlshlJia  fomla  for  free  eleotrcns. 
b  Bams/atoa  z  0.^997  ■  ea^/t 


23 


Riotoii 


SMttarlnc* 


AotMlMtrlo 
K  and  L  atellt 


WLtb 

ooteraxt 


Vitiiout 

ootemrt 


Mjt  prpdnotian 


■uolraa  IlMtren 


Total 


Mar 

1 

i 

1 

1 

BamaAt' 

0.01 

3.5b 

2.56 

5.b2 

.015 

3.01 

2.52 

1.39 

.02 

2.77 

2.b7 

0.52 

.08 

2.53 

2.39 

.13 

.Ob 

2.38 

2.31 

.052 

.05 

2.29 

2.2b 

.021 

.06 

2.21 

2.16 

.010 

.06 

2.10 

2.07 

.10 

1.99 

1.772 

.15 

1.78 

1.7^ 

.20 

1.68 

1.626 

.30 

l.b]b 

.bo 

1.267 

.50 

1.157 

.60 

.80 

1.070 

O.9b0 

1.0 

.8b5 

1.5 

.686 

2.0 

3.0 

b.O 

.38b 

5.0 

.331 

6.0 

.293 

8.0 

.2b0 

10 

.20b 

15 

.1509 

20 

.1210 

30 

.0680 

bo 

.0696 

50 

.0562 

60 

.0502 

80 

.0395 

100 

.0326 

Bana^toa  BanaAtoB 


0*00071 

.0026 

.0061 

0.00005 

.013 

.0002 

.098 

.000b 

.022 

.0006 

.026 

.002 

.0^ 

.obb 

.008 

.00b 

.052 

.006 

.063 

.006 

.070 

.010 

.076 

.012 

.061 

.013 

.087 

.015 

.093 

.017 

With 

oobarant 

WLthout 

oobarant 

oaVd 

eJ/g 

0.599 

0.533 

.29b 

.261 

.220 

.200 

.178 

.168 

.163 

.158 

.1^ 

.iS 

;S 

.ibo 

.138 

.133 

.132 

.119 

.115 

.109 

.109 

.09b5 

.oeiflr 

.0773 

.0715 

.0626 

:S^ 

.Q39i» 

.0313 

.0266 

.0231» 

.02U 

.0160 

.0161 
.0133 
.0120  « 
.0106 

.0100 

.00777 

.0096U 

.0091^ 

.00955 


a  Data  in  tha  Tint  oolnn  la  giran  bgr  tba  ana  of  oobarant  aoattartng  and  of  inooharant 
aoattarlng  treu  tlia  Haln-Viahlna  foxwila  oorraotad  for  binding  affaota.  In  tha  aaoond  oolum 
inooharant  aoattarlng  ia  giran  l/y  tha  KlainHfiahlna  f omila  for  f raa  aleotrona . 

b  BamaAtea  x  O.O666I1  "  oa?/( 

♦  biargjr  raglon  in  ahloh  dlpela  abaorptlon  attaina  a  aaalaBa  oroaa  aaotion. 
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umx  lit.  curtMB 


Photon 

energy 

Scattering* 

With  Without 

coherent  ooharani 

Riotoaleotrle 

K  and  L  sheila' 

Bair  production 

Nucleus  Electron 

Total'* 

With  Without 

coherent  coherent 

Msv 

Bams/atora 

Bams/ktoai 

Bams/atora 

Bams/atora 

Bams/atora 

at?/g 

oraVf 

0.01 

6.88 

3.8b 

38.6 

2.26 

2.13 

.015 

5.30 

3.77 

10.2 

o.'m 

0.701 

.02 

u.6b 

3.71 

3.91 

.b29 

.382 

.03 

U.Ob 

3.58 

0.99 

.252 

.229 

.ou 

3.71 

3.lff 

.38 

.205 

.193 

.05 

3.50 

3.37 

.18 

.185 

.178 

.06 

3.37 

3.28 

.096 

.17b 

.169 

.06 

3.3B 

3.10 

.037 

.161 

.157 

.10 

3.02 

2.96 

.017 

.152 

.lb9 

.15 

2.69 

2.66 

.oobo 

.135 

.13b 

.20 

2.1i6 

2.bb 

.123 

.122 

.30 

2.13 

2.12 

.107 

.106 

.hP 

1.900 

.0953 

.50 

1.735 

.0870 

.60 

1.605 

.0605 

.80 

l.blO 

.0707 

1.0 

1.267 

.0636 

1.5 

1.030 

0.0016 

.0518 

2.0 

0.878 

.0063 

.Obbb 

3.0 

.691 

.018 

0.00007 

.0356 

U.o 

.576 

.090 

.0003 

.Q30b 

5.0 

.b97 

.obo 

.0007 

.0270 

6.0 

.li39 

.0b8 

.001 

.02i>5 

8.0 

.359 

.063 

.002 

.OS. 

10 

.306 

.076 

.00b 

15 

.226 

.099 

.006 

.0206 

20 

.181b 

.116 

.009 

.ai5bc 

30 

.1319 

.ibO 

.012 

.0lb2 

bo 

.lObS 

.1^ 

.015 

.0139 

50 

.087b 

.170 

.018 

.0138 

60 

.0752 

.180 

.020 

.0136 

80 

.0593 

.195 

.023 

.0139 

100 

.0b92 

.207 

.025 

.oibl 

a  Data  in  tha  first  eoluan  is  given  by  the  sura  of  coherent  scattering  and  of  incoherent 
scattering  from  the  Klsin-Nisbina  formula  corrected  for  binding  effects.  In  the  second  eoluan 
incoherent  scattering  is  given  by  the  Kleln-Nlshlna  formila  for  free  electrons. 

b  BamsAtora  x  0.0$0l6  •  era?/c 

♦  Bnergy  region  in  which  dipole  absorption  attains  a  waaiiura  cross  seetioa. 


TIBU  15.  Nltroean 


Photon 

eneigy 

Scattering* 

With  Ulthottt 

coherent  coherent 

Ihotoolectrle 

K  and  L  ^Us 

Btlr  production 

Nucleus  Electroo 

Total^ 

With  Without 

coherent  coherent 

Nrv 

Bams/aton 

1 

1 

Bams/aton 

Bams/aton 

Bams/aton 

cn*/g 

0.01 

8.96 

U.li8 

79.1* 

3.60 

3.61 

.015 

6.72 

U.liO 

21.2 

1.20 

1.10 

.02 

5.73 

1*.33 

8.21 

0.600 

0.539 

.03 

L81( 

lt.18 

2.15 

.301 

.272 

.Olt 

U.U5 

U.05 

0.81 

.226 

.209 

.05 

It.lii 

3.J3 

.38 

.29k 

.185 

.06 

3.98 

3.82 

.21 

.180 

.173 

.08 

3.73 

3.62 

.082 

.161* 

.159 

.10 

3.51* 

3.1*5 

.Ola 

.151* 

.150 

.15 

3.15 

3.11 

.010 

.136 

.1^ 

.20 

2.87 

2.85 

.123 

.123 

.30 

2.1*8 

2.tf7 

.107 

.106 

.liO 

2.22 

.0955 

.50 

2.02 

.0869 

.60 

l.»72 

.0605 

.80 

1.61*5 

.0707 

1.0 

1.1<78 

.0636 

XsS 

1.201 

.0022 

.0517 

2.0 

1.025 

.0086 

.oiil*5 

3.0 

0.806 

.025 

0.00009 

.0357 

U.O 

.672 

.OI4O 

.0009 

.0306 

5.0 

.580 

.051* 

.0006 

.0273 

6.0 

.512 

.066 

.001 

.021*9 

8.0 

.1*19 

.066 

.009 

.0218 

10 

.357 

.109 

.001* 

.0200 

15 

.131* 

.006 

.0175 

20 

.212 

.158 

.010 

.0163* 

30 

.1539 

.190 

.015 

.0151* 

liO 

.1222 

.213 

.018 

.0152 

50 

.1019 

.231 

.020 

.oi52 

60 

.0878 

,2Ut 

.023 

.0153 

80 

.0692 

.261* 

.026 

.0l5l* 

100 

.0571* 

.260 

.029 

.0158 

a  Data  in  the  first  colum  is  given  by  the  sun  of  coherent  scattering  and  of  incoherent 
scattering  from  the  Klein-Kishlna  foneola  corrected  for  binding  effects.  In  the  second  colunii 
incoherent  scattering  is  given  by  the  Klein-Nishina  formula  for  free  electrons. 

b  Bazns/atom  x  O.OhSOl  ■  ea?/c 

♦  Energy  region  in  which  dipole  absorption  attains  a  naxlwan  cross  section. 
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TkSIM  16.  Ooqnn 


Ihoton 

energjr 

Scattering* 

With  Without 

coherent  coherent 

Fhotosleotrlo 

K  and  L  shells 

mir  production 

Nucleus  Blectron 

Total^ 

With  Without 

c^wrent  coherwit 

Mst 

1 

1 

Bama/aton 

Bame/atoei 

1 

1 

Bama/atom 

ta^/g 

onVf 

0.01 

11.$ 

$.12 

lb6 

$.93 

$.69 

.01$ 

8.28 

$.03 

39.6 

1.80 

1.66 

.02 

6.9$ 

b.9b 

l$.b 

0.8b2 

0.766 

.03 

$.77 

b.78 

b.09 

.jn 

.33b 

.Ob 

$.18 

b.62 

l.$$ 

.2$3 

.232 

.0$ 

b.80 

b.b9 

0.73 

.206- 

.197 

.06 

b.6l 

b.37 

.bo 

.189 

.160 

.06 

b.30 

b.lb 

.1$ 

.168 

.162 

.10 

b.06 

3.9b 

.071 

.1$6 

.151 

.1$ 

3.61 

3.$$ 

.020 

.13b 

.20 

3.29 

3.2$ 

.010 

.12b 

.123 

.30 

2.8b 

2.63 

.107 

.107 

.bo 

2.$U 

2.$3 

.09$6 

.09$3 

.$0 

2.31 

.0670 

.60 

2.1b 

.0606 

.80 

1.880 

.0706 

1.0 

1.690 

.0636 

1.S 

1.373 

0.0026 

.0$18 

2.0 

1.171 

.011 

.Obb$ 

3.0 

0.921 

.032 

0.0001 

.03$9 

b.O 

.768 

.0S3 

.000b 

.0309 

$.0 

.663 

.070 

.0009 

.0276 

6.0 

.066 

.002 

.02$b 

8.0 

.1<79 

.112 

.003 

.02^ 

10 

.b06 

.13b 

.00$ 

.0206 

1$ 

.302 

.17$ 

.009 

.0183 

20 

.2b2 

.206 

.012 

.0173# 

30 

.17$9 

.2b8 

.017 

.0166 

llO 

.1397 

.278 

.021 

.016$ 

$0 

.116$ 

.300 

.023 

.016$ 

60 

.1009 

.317 

.026 

.0167 

80 

.0790 

.3bb 

.030 

.0171 

100 

.06$6 

.36b 

.03b 

.017$ 

a  Data  In  ttw  firat  oolmn  la  girea  by  the  eum  of  coherent  scattering  and  of  inoc^rent 
scattering  fron  the  Klsin*4(ishlna  fonmla  corrected  for  binding  effects.  In  the  seemid  colon 
Incoherent  scattering  is  glrsn  by  the  tOelnHUshim  fomnla  for  free  electrons. 

b  BazasAteB  x  0.0376$  -  o^/g 

t  tasrgf  region  in  ehich  dipole  absorption  attains  a  cross  section. 
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vaOM  17.  SodioB 


m  b 

Soattaxing  Iblr  produotlao  Total. 

Rwton  Riotoalaotrie 


anargjr 

Vlth 

Without 

K,L  and  H  ahalls 

Noelaua 

Elaetron 

With 

VithoiA 

ooharant 

ooharant 

ooharant 

ooharant 

Hot 

$ 

1 

Bams /atom 

Bama/atoii 

Bama/atoa 

Bams^tom 

«^/« 

c^/l 

0.01 

20 

7.0b 

586 

35.6 

.035 

lb 

6.32 

363 

b.80 

b.61 

.02 

11.2 

6.80 

2.06 

.03 

6.8 

6.57 

38.1 

0.705 

.Ob 

7.8 

6.36 

7.0 

.388 

.350 

.05 

7.1 

6.17 

3.3 

.2b8 

.06 

6.67 

6.01 

1.87 

.206 

.06 

6.06 

5.63 

0.7b 

.373 

.168 

.30 

5.70 

^b2 

.35 

ill! 

.120 

.151 

.35 

.20 

5.01 

b.5b 

b.86 

b.b7 

.091 

.obo 

.330 

.138 

.30 

3.32 

3.83 

.010 

.103 

.302 

.bo 

3.50 

3.b8 

.0337 

.0312 

.50 

3.13 

3.38 

.0836 

.0833 

.60 

2.3b 

.0770 

.80 

2.58 

.06^ 

1.0 

2.32 

.0606 

1.5 

1.888 

0.005b 

.Ob96 

2.0 

1.630 

.021 

.ob» 

3.0 

1.266 

.061 

0.0001 

.03b8 

b.o 

1.056 

.100 

.0005 

.0303 

5.0 

0.311 

.333 

.001 

.05b 

6.0 

.805 

.163 

.002 

.025b 

8.0 

.653 

.2U. 

.00b 

.0223 

30 

.561 

.252 

.007 

.0215 

35 

.b35 

.330 

.012 

.0336 

20 

.333 

.387 

.016 

.0133 

30 

.2b2 

.b65 

.023 

.0131 

bo 

.ISO. 

.521 

.026 

.Q13b 

50 

.1602 

.562 

.032 

.0336 

60 

.3373 

.535 

.036 

.0201 

80 

.1087 

.6b5 

.Obi 

.0206 

300 

.0301 

.680 

.0b6 

.021b 

a  Data  in  tha  first  colum  is  giTan  tor  tha  sun  of  ooharant  aeattaring  and  of  inoohabant 
soattaring  from  the  Klain-Nishina  farnila  oorreotad  for  binding  affaeta.  In  tha  aaeond  oolvm 
ineobaxant  aeattaring  is  gtran  te^  tha  Klain-Nishina  fornola  for  fraa  aleetrons . 

b  Bamo/itea  x  0.02620  ■  ea?/g 


nBU  la.  IkcnMli 


Rntan 

Soattsriac* 

Nitb  mhout 

eehsrant  oohsrsot 

Rtotoslse^rio 
K«L  and  M  ahslls 

Ibir  produotian 

Rttolsus  nsotra 

Total'* 

W.th  Vlthoot 

ooherant  oobsrsiit 

Nsv 

1 

1 

1 

1 

Bams/atoa 

1 

1 

Bams/atoa 

0.01 

25 

7.68 

8b7 

a.6 

a.2 

.(n5 

17 

7.55 

2bS 

6.51 

6.28 

.02 

13 

7.b2 

99.7 

2.79 

2.65 

.03 

10.2 

7.16 

27.2 

0.926 

0.^ 

.Ob 

8.7 

6.9b 

10.6 

.b78 

.b3b 

.05 

7.9 

6.73 

5.1 

.322 

.299 

.06 

7.b 

6.55 

2.8 

.253 

.232 

.06 

6.66 

6.20 

i.n 

.192 

.181 

.10 

6.2b 

5.91 

0.53 

.168 

.160 

.15 

5.b6 

5.32 

.lit 

.339 

.135 

.20 

b.97 

b.86 

.060 

.125 

.122 

.30 

b.2B 

b.2b 

.020 

.107 

.106 

.bo 

3.82 

3.80 

.010 

.09b9 

.09bb 

•50 

3.b6 

3.b7 

.0662 

.0660 

.60 

3.a 

.0795 

.60 

2.82 

.0699 

1.0 

2.53 

.0627 

1.5 

2.06 

0.006b 

.0512 

2.0 

1.757 

.026 

.0bb2 

3.0 

1.381 

.073 

0.0001 

.0960 

b.O 

1.152 

.119 

.0006 

.0315 

5.0 

0.99b 

.15? 

.001 

.0286^ 

6.0 

.978 

.IM 

.002 

.0266 

8.0 

.719 

.251 

.005 

.02b2 

10 

.612 

.300 

.007 

.0226 

15 

.b53 

.393 

.033 

.0213 

20 

.363 

.b59 

.018 

.0206 

30 

.a6b 

.553 

.025 

.0209 

iio. 

.210 

.619 

.091 

.0213 

50 

.I7b7 

JUn 

.035 

.02X7 

60 

.1505 

.7W 

.039 

.0222 

80 

.1185 

.765 

.oii5 

.0230 

100 

.0983 

.807 

.050 

.0297 

a  Data  In  tha  first  oolnm  is  flvsn  bjr  ths  sun  of  eohsrsnt  soattsriac  and  of  inoohsrsnt  soattsr- 
ing  fron  ths  Xlsin*W.shina  foraula  eorrsotsd  for  Mndini  offsets.  In  ths  ssoood  eolton  ineohsront 
soattsring  is  given  hjr  tha  Klsin*Nishlna  fomila  for  frss  olootroas. 

b  Bams/aton  x  0.02if77  *  cb^/c 
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TABU  19.  'iltodaoB 


fbotcn 

Soatterlng* 

With  Wlthoot 

errant  oohemt 

Rwtoeleotrln 
K.L  and  M  sheila 

Iblr  production 

Hucleus  Blectrcn 

Total'* 

With  Without 

coherent  coherent 

Her 

Baxns/atoa 

Bams/atoai 

BamsAtoB 

Baxns/atoa 

Bams/atoa 

Ci^/g 

ea?/g 

0.01 

.29 

8.32 

1170 

26.8 

26.3 

.035 

19 

8.18 

3b3 

8.06 

7.8b 

.02 

15 

8.03 

Ibl 

3.b8 

3.33 

•O 

11.5 

7.76 

39.0 

1.13 

1.0b 

.Ob 

9.8 

7.51 

35.2 

0.558 

0.507 

.05 

8.8 

7.29 

7.3 

.360 

.326 

.06 

8.1 

7.10 

lt.O 

.270 

.2b8 

.06 

7.26 

6.72 

1.61 

.198 

.186 

.10 

6.79 

6.bl 

0.78 

.169 

.161 

.15 

5.96 

5.77 

.a 

.138 

.13b 

.20 

5.29 

.060 

.122 

.120 

.30 

b.6a 

b.60 

.020 

.IQb 

.103 

.bo 

.50 

U.lb 

3.78 

b.l2 

3.76 

.010 

.0927 

.08bb' 

.0922 

.06b0 

.60 

3.b9 

3.b8 

.0779 

.0777 

.80 

3.06 

.0683 

1.0 

2.75 

.061b 

1.5 

2.23 

0.0076 

.0500 

2.0 

1.909 

.030 

.Ob32 

3.0 

l.b96 

.066 

0.0002 

.0353 

b.O 

1.2b7 

.ibo 

.0006 

.03V> 

5.0 

1.077 

.386 

.001 

.0262 

6.0 

0.952 

.227 

.002 

.026b 

8.0 

.778 

.295 

.005 

.02bL 

10 

.663 

.353 

.006 

.0229 

35 

.b90 

.b60 

.01b 

.0235 

20 

.393 

.539 

.039 

.0212t 

30 

.286 

.6b7 

.027 

.021b 

bo 

.227 

.726 

.033 

.0220 

50 

.1893 

.782 

.038 

.0225 

60 

.1630 

.828 

.0b2 

.0231 

80 

.128b 

.896 

.0b9 

.02b0 

100 

^1065 

.9bb 

.055 

.02b7 

a  Data  In  the  first  eoltan  Is  giTsn  tT-  the  sum  of  coherent  soatterlng  and  of  incoherent 
scattering  from  the  Xlain-Nishina  formula  corrected  for  Wnriing  effects.  In  the  second  colton 
incoherent  scattering  is  given  ty  the  Klein-Nishina  formula  for  free  electrons. 

b  Bans/atea  x  0.02233  ■  oa^/g 

S  bezgjr  ragloa  In  ehioh  dipole  absorption  attains  a  aaxlam  cress  section. 
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TOSZ  20.  Silloen 


Fteten 

energy 

Soatterlng* 

VUh  Kitboot 

eoberant  coherent 

Riotoelnetrlo 
X*L  and  M  ^lla 

lUr  prodnctlen 

Vnelene  neetraa 

Ibtal^ 

With  Wthoat 

c^terent  coherent 

Hue 

BamSibkton 

1 

1 

Bams/aton 

1 

1 

1 

J 

cn*At 

0.01 

33 

8.36 

1580 

3bU: 

3b.l 

.015 

32 

8.81 

b70 

30.6 

30.3 

.02 

37 

8.65 

19b 

b.53 

b.35 

.03 

12.8 

8.36 

5b.b 

l.bb 

1.35 

.Ob 

30.8 

8.09 

21.b 

0.691 

0.633 

.05 

3.7 

7.85 

10.3 

.b3 

389 

.06 

8.3 

7.6b 

5.8 

.335 

.288 

.06 

8.0 

7.2b 

2.3 

.221 

.205 

.10 

7.38 

6.90 

i.n 

.182 

.172 

.35 

6.bb 

6.21 

0.29 

.Ibb 

.139 

.20 

5.82 

5.69 

.12 

.127 

.125 

.30 

5.01 

b.95 

.obo 

.106 

.107 

.bo 

b.li6 

b.b3 

.020 

.0961 

.095b 

.50 

b.07 

b.05 

.0673 

.0669 

.60 

3.75 

3.7b 

.060b 

.0602 

.80 

3.30 

3.23 

.0706 

.0706 

1.0 

2.« 

.0635 

1.5 

2.1|l0 

0.0068 

.0537 

2.0 

2.05 

.035 

.0bb7 

3.0 

1.631 

.100 

0.0002 

.0367 

b.o 

1.3b3 

.162 

.0007 

.033 

5.0 

1.360 

.216 

.002 

.0296 

6.0 

1.025 

.asb 

.009 

.0277 

8.0 

0.838 

.3b2 

.006 

.oaa 

ID 

.71b 

.b06 

.009 

.02b3 

35 

.528 

.533 

.015 

.0291 

20 

.b23 

.63 

.03 

.023# 

30 

.308 

.7b3 

.03 

.0233 

bo 

.2bb 

.838 

.096 

.02b0 

50 

.20b 

.90b 

.Obl 

.02b6 

6P 

.1756 

.957 

.0b6 

.033 

80 

.3383 

1.09 

.053 

.032 

300 

.llb7 

1.09 

.059 

.031 

a  Data  in  ^  f  Int  eolum  Is  glvsn  bgr  tbs  sua  of  oobareat  scattering  and  of  inooherant 
scattering  from  the  Idein-Ijishina  formoia  corrected  for  effects.  In  the  second  coluan 

incoherent  scattering  is  giren  hgr  tbs  Klain-Rishina  fomula  for  free  electrons. 

to  Bams/itoB  X  0.02lJi$  ■  ei^/g 

*  tnergy  region  in  whieh  d^le  abeorptlon  attains  a  aaxlM  cross  section. 
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a.  Ruaplionia 


Soattarlag* 

ndr  prodnstioe 

Tbtal^ 

fbotOD 

HLtb 

oobsraBt- 

latiiout 

oolKytii^ 

Rwtoslsotne 
K*L  aal  N  shslls 

luolsus 

nsetroB 

With 

ootemA 

WlthoBt 

oolmvB^ 

Nwr 

1 

1 

1 

1 

Baras/itflB 

1 

1 

1 

i 

SB*/| 

0.01 

38 

9.60 

9090 

lil4i 

bo.8 

.035 

95 

9.iib 

19.9 

.09 

9.97 

a59 

5.ia 

5.99 

.09 

3A.3 

8.96 

7fe.3 

1.79 

1.69 

19.0 

10.6 

8.6? 

8.1i9 

98.8 

13.8 

•I0S 

.06 

9.7 

8.19 

7.8 

•3W 

.331 

8.6 

7.76 

3.1 

.298 

.2U 

.30 

7.98 

709 

1.55 

.185 

.37b 

.15 

6.99 

6.65 

O.UO 

.3b3 

.337 

.90 

6.96 

6.10 

.37 

.125 

.122 

.30 

507 

5.30 

.05 

.105 

.30b 

•Ifi 

b.79 

U.75 

.09 

.0996 

.0998 

.50 

li06 

k.» 

.01 

.0850 

.Qeb6 

Mi 

li.09 

kM 

Jm2 

.0780 

.80 

9.53 

9.59 

.0687 

•0685 

1.0 

3.17 

•2S5 

1*5 

9.57 

0.000 

UI509 

9.0 

9.90 

.obo 

•0(06 

3.0 

1.796 

.13b 

0.0009 

•0958 

luO 

1.109 

.186 

.0007 

•0936 

5.0 

1.910 

.210 

.009 

.0990 

6.0 

lt096 

.309 

.009 

.0979 

8.0 

0.898 

099 

.006 

.0259 

30 

.765 

.109 

.009 

.02b9 

15 

.630 

.036 

.0292 

90 

•73b 

.099 

.0291 

30 

.390 

058 

.091 

.0237 

kP 

.969 

.961 

.098 

.0210 

50 

.918 

1.09 

.0U» 

.0251 

60 

.1881 

1.30 

.oio 

.0960 

80 

.1109 

1.35 

.056 

.0271 

100 

.1999 

1.25 

.063 

.0979 

a  Data  la  tlia  first  oolasn  la  glvn  bgr  ths  sub  of  oohsrsnt  soattarlac  aal  of  laoohsrsat  soattar» 
lag  froB  ths  nala-Ushlaa  fonsda  ooxrsotsd  for  WadLag  affsots.  Si  ths  sseond  oolon  laoebonat 
soattorlag  Is  glrsn  tv  tbs  PsiaHIlshliia  forwla  for  frss  slsetrees. 

b  aamsAtoB  X  0.0191)5  *  s^/( 
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ttKX  22.  SvOfinr 


SoottsriB^ 

Ibir  prodnstlen 

Total^ 

IF 

With 

VLtboot 

ooborsnt 

fbotoslnstirlB 
lyL  and  M  sbslln 

Vnolsns 

Blsetron 

VLtb 

eohsmst 

oobsrtnt 

Boms/itoa  Bunts/ktoo 

Baras/ktoa 

1 

1 

1 

1 

0.01 

lA 

30.2b 

2700 

51.6 

50.9 

.035 

9 

30.06 

820 

16U> 

35.6 

.02 

22 

9.89 

3bb 

6.86 

6.65 

.08 

35.9 

9.55 

98.7 

2.35 

2.08 

33.2 

9.25 

38.5 

0.971 

0.897 

11.6 

8.96 

38.6 

.587 

.538 

.06 

30.7 

8.7b 

30.6 

.boo 

.06 

9.3 

8.27 

b.2 

.25b 

.30 

8.6 

7.89 

2.1 

.201 

.388 

.35 

7.10 

7.30 

0.57 

.350 

.Ibb 

.20 

6.69 

6.51 

.23 

.330 

.127 

.30 

5.% 

5.66 

.070 

.309 

.306 

•Ifi 

5.12 

5.07 

.030 

.0968 

.0958 

.$0 

kM 

b.63 

.020 

.0879 

.0806 

.60 

I1.30 

b.2B 

.030 

.0630 

M 

3.77 

3.76 

.0706 

.0707 

1.0 

1.S 

3.39 

3.38 

2,7$ 

0.012 

.0697 

.06^ 

.0519 

2.0 

2.3b 

.0b6 

.0^ 

3.0 

1.8b2 

.33 

0.0002 

.0971 

tl.0 

1.5« 

.21 

.0006 

.0326 

5.0 

1.325 

.28 

.002 

.0802 

6.0 

1.171 

.3b 

.008 

.026b 

8.0 

0.958 

.006 

.0266 

30 

.836 

.53 

.030 

.0255 

35 

.60b 

.69 

.037 

.02b6 

20 

.li8b 

.81 

.028 

.02b7 

30 

.352 

.96 

.033 

.0256 

Uo 

.279 

1.09 

.Obi 

.0265 

50 

.233 

1.38 

.0b7 

.027b 

60 

.201 

1.2b 

^052 

.0281 

80 

.1580 

1.3b 

.060 

.0298 

300 

.3311 

l.b2 

.067 

.030b 

«  Dkta  in  tlw  first  oolmn  Is  glrsn  bgr  tlis  sob  of  eohsxsnt  sosttsariag  and  of  inoohsnnt 
sosttsrljig  froa  tbs  Xlsin*4Ilsfaim  fonsilB  oorrsotsd  for  Winding  offsets.  In  tbs  sseond  eeluB 
tnooboroBt  soottoriag  is  giron  tgr  tbs  Psitt-WisMns  forani*  for  ftoo  slootrons. 

b  Bams/ston  x  O.OIS?*^  ■  o>^/g 


88 


UBIX  2S.  Azion 


Aatsa 

Ssattsrlag* 

Mlth  Miyieto 

OOImMBA  OObMMlA 

Aotoslsotrle 
K,I  and  M  tfwUs 

ndr  prodootien 

■oDlsiis  nsotroB 

Total^ 

With  WLtboot 

oidiorsBb  oobsmrt 

1 

i 

1 

i 

BamsAtoa 

3 

< 

1 

1 

1 

o.n 

56 

11.52 

li260 

654 

6b.7 

.005 

36 

11.32 

1320 

2o!5 

20.1 

.08 

28 

11.12 

561 

8.86 

8.63 

.09 

19 

10.75 

I6lt 

2.76 

24b 

35.8 

30.to 

6b.5 

1.21 

1.13 

13.6 

30.10 

31.6 

0.682 

0.629 

.06 

ItA 

949 

18.0 

459 

.b20 

.06 

lOA 

941 

7.2 

.271 

.2b9 

.10 

9.85 

8.87 

3.6 

.209 

.186 

.15 

8.ii3 

7.98 

0.96 

.lb2 

.335 

.20 

7.32 

.bl 

.120 

.137 

.90 

6.48 

6.36 

.12 

.0995 

.0977 

.to 

5.^ 

5.70 

.050 

.0876 

.0667 

.to 

5.21 

.030 

.0795 

.0790 

.60 

4.8^ 

b.82 

.020 

.0733 

.0730 

.80 

it.2ii 

b.3 

.061(0 

.0638 

1.0 

3.81 

3.80 

.0575 

.0573 

1.5 

3.09 

0.035 

.01(68 

2.0 

2.$ 

.058 

.01(07 

3.0 

2.07 

.17 

0.0002 

.0338 

b.O 

1.727 

.27 

.0009 

.0301 

5.0 

1.^ 

.36 

.002 

.0279 

6.0 

1.318 

.lib 

.009 

.0266 

8.0 

1.076 

.56 

.007 

.02ii8 

10 

0.938 

.67 

.011 

.02la 

35 

.679 

.87 

.019 

.0237 

20 

.5iili 

1.02 

.026 

.021(0 

90 

.396 

1.29 

.037 

.0251 

to 

.33it 

1.37 

.0b6 

.0261 

to 

.262 

l.b6 

.053 

.0271 

60 

.226 

1.57 

.059 

.0280 

80 

.1778 

149 

.068 

.0292 

lOO 

.11(7$ 

1.78 

.076 

.0302 

•  Data  in  th*  first  eolmn  Is  givsn  bj  tbs  son  of  eohsrsat  sesttsriog  and  of  inooharsnt 
seattarlac  frm  tba  OsinHUsbisa  forania  oorreotsd  for  bintttng  offsets.  ^  tbs  second  oolom 
inodMrsnt  seattering  is  givsii  Iv  tbs  nsio-nisbina  foonsila  for  fM  slsotrois . 

b  BamsAtM  X  0.03506  -  ei^A 
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ttU  2h.  ItoteMli 


li 

Seatteria^ 

WLtb  HLttaoot 

oobsrsot  oobsrsnt 

Rwtoslsetrle 
E,L  and  M  sbslls 

Mr  irodnetlca 

■nolsos  nsetroB 

fbtal^ 

HLtb  HLtboot 

ooImmb^  poImhphA 

Ibr 

Bsms/atoa 

BansAtos 

Bsms/itoa 

1 

1 

Buns/itaa 

0^/i 

aa?A 

0.03. 

63 

12.16 

5260 

82.0 

81.2 

.015 

bo 

n.95 

1650 

26.0 

25.6 

.02 

31 

11.7b 

638 

11.2 

10.9 

.03 

21 

11.3b 

206 

3.50 

3J5 

•Ok 

17.1 

10.36 

61.5 

1.52 

l.ld 

.05 

lb.7 

10.66 

bo.l 

0.8bb 

0.762 

.06 

13.3 

10.37 

23.0 

.559 

.51b 

.06 

11.6 

9.82 

3.2 

.321 

.233 

.30 

10.5 

3.37 

b.6 

.233 

.215 

.15 

8.35 

8.b3 

1.27 

.157 

.lb9 

.20 

8.02 

7.73 

0.52 

.132 

.127 

.30 

6.85 

6.72 

.15 

.106 

*106 

J(0 

6.09 

6.02 

.070 

.09b9 

.0336 

.50 

5.53 

5.b9 

.obo 

.0856 

.0652 

.60 

5.11 

5.06 

MSO 

.0731 

.0786 

.do 

b.b8 

b.b6 

.030 

.0692 

.0683 

1.0 

b.02 

b.01 

.0619 

.0618 

1.5 

3.26 

0.017 

.0505 

2.0 

2.76 

.065 

.Ob38 

3.0 

2.19 

.18 

0.0002 

.0365 

It.O 

.30 

.0009 

.0327 

5.0 

1.57b 

.bo 

.002 

.0305 

6.0 

1.331 

.oob 

.0283 

8.0 

1.138 

.63 

.006 

.027b 

10 

0.363 

.75 

.012 

.0267 

15 

.717 

.37 

.020 

.0263 

20 

.575 

l.lb 

.028 

.0269 

30 

Jil8 

1.37 

.obo 

.0282 

bo 

.332 

1.53 

.0ii9 

.Q23b 

50 

.277 

1.65 

.056 

.0306 

60 

.238 

1.7b 

.062 

.031b 

60 

.lft7 

1.88 

.072 

.0330 

100 

.1557 

1.36 

.060 

.03bl 

a  Data  in  tba  first  oolmn  is  glmm  tx  tbs  son  of  oofasront  soattarlag  and  of  Inoohsrspt 
seatterlag  ftroa  tbs  Klsln*W.sfaina  fomla  oorrsotsd  for  Unding  offsets.  In  tbs  sseond  ooIob 
inoobsrsot  soattsrlng  Is  gtvso  tg-  tbs  Psin-WleMna  foxanla  for  frso  alsetroas. 

b  Bams/ston  z  0.01$lil  ■  on?/g 
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T&BIX  2$.  CftleivB 


Fbotea 

aaargjr 

Soattarinc* 

Hlth  WtlKMie 

oaharanb  oobarant 

RiotoalaotilA 
K«L  and  M  shalls 

iblr  produatloa 

■aelaos  Slaetroo 

Itotal^ 

With  Vlthoot 

oobarant  o^ranb 

Mar 

1 

1 

1 

J 

Bams/atoa 

1 

1 

Eams/atoB 

on?/* 

on?/! 

O.Ql 

12.80 

6380 

96.9 

96.1 

.015 

bb 

12.58 

2010 

30.9 

30.b 

.02 

33 

12.36 

859 

13.b 

33.1 

.03 

23 

11.9b 

25b 

b.l6 

b.00 

.Ob 

16.5 

11.56 

102 

1.81 

1.71 

.05 

15.6 

11.22 

50.6 

0.998 

0.929 

.06 

3b.3 

10.92 

28.8 

.6b8 

.597 

.06 

12.3 

10.3b 

11.6 

.359 

•330 

.DO 

U.l 

9.86 

6.0 

.257 

.238 

.35 

3.b8 

8.87 

1.63 

.187 

.158 

.20 

8.b7 

8.13 

0.67 

.157 

.132 

.30 

7.23 

7.07 

.20 

.112 

.309 

.bo 

6.U2 

6.33 

.090 

.0979 

.0965 

.50 

5.8b 

5.78 

.050 

.0685 

.0876 

.60 

5.38 

5.35 

.030 

.0633 

.0609 

.80 

b.72 

b.70 

.010 

.0711 

.0706 

1.0 

b.2b 

b..22 

.0637 

.063b 

1.5 

3.1i3 

O.OlB 

.0516 

2.0 

2.93 

.072 

.ob51 

3.0 

2.30 

.20 

0.0002 

.0376 

b.O 

1.919 

.0009 

.0338 

5.0 

1.657 

•bb 

.002 

.0316 

6.0 

l.b6b 

.5b 

.00b 

.0302 

6.0 

1.196 

.69 

.006 

.02^ 

10 

1.020 

.83 

.012 

.0260 

15 

0.755 

1.06 

.022 

.0279^ 

20 

.605 

1.26 

.029 

.0285* 

30 

.bbo 

1.51 

.0b2 

.0299 

bo 

.3b9 

1.69 

.051 

.031b 

50 

.291 

1.82 

.059 

.0326 

60 

.251 

1.93 

.065 

.0336 

80 

.198 

2.06 

.075 

.Q35b 

100 

.1639 

2.19 

.06b 

.0366 

a  Oita  in  tha  first  eoliam  is  glTsa  bgr  tbs  mm  of  oobarsat  soattarliv  and  of  iaoobaraDt 
soattaziag  ftroa  tba  Klaln-Nisbim  formla  oorraotad  for  offcots.  ^  tha  saeood  ooloB 

Ixwobaraot  aoattaxijig  la  giran  bgr  tba  Xlaln-Nishlna  fonoili  for  fraa  alaotrona. 

b  Bans^tmi  z  0.01503  *  9^/k 

*  Inarcx  ragian  in  iddeb  dipela  abaerptlon  attains  a  eross  sastiOB. 
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Ihoton 


So«tt«rliig* 


WLtli  MLthoiit 

oohamt  ootomt 


RwtMlaotrle 
K,L  and  M  ahalla 


Btlr  produotion 


Nufilsua  Blaotron 


Total** 


Uith 

boharent 


W.thout 

ooharaBt 


Mar  Barna^toB  pama^toa  Barna/atoa  Bama/atoa  Bazna/atoa  oaVg  o*Vs 


0.01 

120 

16 .6b 

16500 

.01$ 

7$ 

16.35 

5380 

.02 

$5 

16.07 

2380 

.03 

37 

15.52 

729 

.Ob 

29 

15.03 

306 

.0$ 

2b 

lb.59 

155 

.06 

20.7 

lb.20 

91 

.06 

17.2 

13.bb 

38 

.10 

15  .b 

12.82 

19.1 

.1$ 

12.8 

11.53 

5.b 

.20 

n.3 

10.$7 

2.23 

.30 

9.$0 

9.19 

0.66 

.bo 

8.b2 

8.23 

.29 

.$0 

7.63 

7  52 

.16 

.60 

7.03 

6.96 

.10 

.80 

6.1$ 

6.11 

.0$ 

1.0 

$.52 

$.b9 

.03 

l.$ 

b.b6 

0.032 

2.0 

3.81 

.12 

3.0 

2.99 

.35 

b.O 

2.$0 

.56 

5.0 

2.1$ 

.75 

6.0 

1.903 

.91 

8.0 

1.557 

1.17 

8 

1.326 

1.39 

S 

0.961 

1.81 

SO 

.786 

2.10 

K) 

.$72 

2.52 

0 

.b$b 

2.81 

0 

.379 

3.03 

0 

.326 

3.21 

10 

.25? 

3.b6 

0.00Q3 


.001 

.003 

.00$ 

.011 


.OlS 

.026 


.036 

•o$k 


.067 

.076 

.06$ 

.096 


100 


.213 


3.6b  .11 


$6.6 

26.3 

6.26 

3.6b 

1.93 

1.20 

0.$9$ 


.372 

.196 

.II16 

.HO 


.09b0 

.06b0 

.0769 

.0669 

.0$99 


178 
$6.2 
2$  .8 
8.03 


3.b6 

1.83 

1.13 


0.$$$ 


.3bb 

.183 

.138 

.106 

.0913 

.0826 

.0762 

.066b 


.0b2b 

.0360 


.0330 

.0313 

.030b 

.029$ 


.029b 

.030b^ 

.031$* 

.0339 

.03$9 

.0376 

.0391 

.0102 

.Ob27 


a  Data  In  tha  flrat  eolmn  la  glvan  bgr  tba  aun  of  ooharant  aoattarlag  and  of  ineobaxant 
aoattarlng  from  tha  lOain^iahlm  foranla  oorraotad  for  blnUng  affaota.  In  tha  aaoonl  aniwi 
inooharant  aoattarlng  la  gtvan  hr  tha  Klain-Iilahlaa  fonnla  for  fraa  alaotrooa. 

h  BamaAtoa  x  O.01079  ■  oa^/i 

♦  *»floa  la  idiloh  d^oGb  abaoiptlaii  attalaa  a  — ■h— ■  eroaa  aaation. 


87 


nmM  2J.  Coppwr 


Fbotcn 

enemr 

Scattering 

With  vatiKMt 

c<disrsnt  coherent 

Rwtoeloetrlo 
X«L  and  M  absUa 

I^lr  prodoetlaa 

Buelstts  Bleotron 

IWal^ 

With  WLtbont 

onherant  ocherent 

Mbt 

Bams /stem 

Bams/atoa 

Bams/atca 

1 

1 

Bams/aton 

0.01 

150 

18.56 

23600 

225 

22b 

.015 

36 

18.2b 

8000 

76.8 

76.0 

.02 

70 

17.92 

3580 

3b.6 

3b.l 

.0 

b6 

17.31 

1120 

11.1 

10.8 

.Ob 

35 

16.76 

b7b 

b.83 

b.65 

.05 

28 

16.27 

2b2 

2.56 

2.b5 

.06 

2b 

15.83 

lb3 

1.58 

1.51 

.08 

20.2 

lb.99 

60.2 

0.762 

0.713 

JO 

17.9 

lb.29 

30.7 

.b6l 

.b27 

.15 

ib.5 

12.86 

8.9 

.222 

.206 

.20 

12.8 

11.79 

3.7 

.156 

.ib7 

.30 

10.7 

10.25 

1.1 

.112 

.108 

.bo 

9.b3 

9.18 

0;b8 

.09b0 

.0916 

.50 

8.5b 

8.39 

.26 

.083b 

.0820 

.60 

7.86 

7.76 

.16 

.0760 

.0751 

.80 

6.97 

6.82 

.08 

.0659 

.065b 

1.0 

1.5 

6.16 

6.12 

b.96 

.05 

o.obi 

.0589 

.0^ 

.01^ 

2.0 

b.25 

.16 

.0108 

3.0 

3.3b 

.10 

0.000b 

.0357 

b.O 

2.78 

.70 

.001 

.0330 

5.0 

2*b0 

.93 

.003 

.0316 

6.0 

2.123 

1.13 

.006 

.0309 

8.0 

1.736 

l.b5 

.012 

.0303 

10 

l.b79 

1.72 

.018 

.0305 

15 

1.09b 

2.23 

.031 

.0318 

20 

0.8^7 

2.60 

.0b3 

.033b* 

30 

.638 

3.12 

.060 

.0362 

bo 

.506 

3.b8 

.07b 

.0385 

50 

.b22 

3.75 

.085 

.obob 

60 

.36b 

3.?7 

.09b 

.0b20 

80 

.286 

b.27 

.11 

.0bb2 

100 

.238 

b.b9 

.12 

.0b60 

a  Data  in  tbB  flxvt  oolxom  Is  glTsn  tbs  son  of  oobsrent  scattering  and  of  incohsrent 
scattering  fro*  tbs  Klein>Nlsblna  fonBcQa  corrected  for  binding  effects.  In  the  second  ooliagi 
incohsrent  scattering  Is  given  17  the  Klein-'Nlshina  formula  tar  free,  electrons. 

b  Bans/atom  x  O.OO9I182  ■  em^/g 

*  lasrgf  region  in  ebl^  dlpols  absorption  attains  a  aaxlpM  cross  section. 
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TABUS  2S.  HolgrbdMuoi 


Scattering* 

Bidr  prodnetion 

TOtal^ 

Riotoa 

Fbotoelectria 

enerir 

With 

coherent 

Without 

coherent 

K*L  and  M  shells 

Nuoleus 

Electron 

W.th 

cohezent 

Without 

eohsrent 

Her 

1 

1 

Bams^ton 

BamsAton 

Bams/aton 

Bams/aton 

cwVe 

et^/g 

O.d 

3l|0 

26.9 

UbOO 

73.7 

71.8 

.015  - 

220 

26.il 

3li80 

23.2 

22.0 

.0200® 

160 

26.0 

1510 

10.5 

9.6b 

.0200 

160 

26.0 

13000 

82.6 

81.8 

.03 

96 

25.1 

b260 

27.b 

26.9 

.OU 

71 

2tt.3 

1920 

12.5 

12.2 

.05 

56 

23.6 

1030 

6.82 

6.62 

.06 

ii6 

22.9 

620 

b.lB 

b.Ob 

.06 

36 

21.7 

27b 

1.95 

1.86 

.10 

30 

20.7 

Ibb 

1.09 

1.03 

.35 

23.2 

3JB.63 

ii3.b 

O.blS 

0.389 

.20 

39.6 

17.06 

18.7 

.2b2 

.225 

.30 

36.1 

3Jt.85 

5.8 

.138 

.330 

.llO 

lii.O 

33.30 

2.6 

.10b 

.0998 

.50 

12.6 

12.35 

l.b 

.0879 

.0851 

.60 

11.5 

11.2b 

0.88 

.0777 

.0761 

.80 

10.0 

9.87 

.b5 

.0656 

.06b6 

1.0 

8.96 

8.97 

.29 

.0581 

.0575 

1.5 

7.25 

7.21 

.lb 

0.095 

.QbTO 

.Ob67 

2.0 

3.0 

6.35 

b.83 

.09 

.05 

.35 

.93 

0.0005 

.Oblb 

.0365 

li.O 

b.03 

.Ob 

l.b9 

.002 

.03b9 

5.0 

3.b8 

.03 

1.96 

.005 

.03bb 

6.0 

3.06 

.023 

2.36 

.006 

.03bb 

8.0 

2.52 

.017 

3.00 

.02 

.03b9 

10 

2.3b 

.013 

3.53 

.03 

.0359 

35 

1.585 

b.58 

.Ob 

.0390* 

20 

1.270 

5.32 

.06 

.0b38 

30 

0.92b 

6.39 

.09 

.0ii65 

Ifi 

.733 

7.11 

.11 

.Ob99 

50 

.612 

7.65 

.12 

.0526 

60 

.527 

6.06 

.lb 

.05b9 

80 

.b35 

8.69 

.16 

.0582 

100 

.3bb 

9.35 

.18 

.0607 

a  Data  in  the  first  eolmn  Is  glTen  ty  the  enn  of  oofaerent  eoatteriag  and  of  incoherent 
scattering  from  the  Xlein-Nishina  fomola  corrected  for  binding  effects.  In  the  second  eolmn 
incoherent  scattering  is  giren  bgr  the  CLein-Nishina  foraule  for  free  electrons . 

b  BamsAton  x  0.006279  **  o^/c 

e  K  edge;  at  this  and  lomr  energies  data  for  the  L  and  M  shells  is  given  ahile  at  this  and 
higher  energies  data  for  the  L>  M  and  K  shells  is  given. 

#  Ineror  region  in  idxldi  d^le  absoriitlon  attains  a  aaxinai  cress  section. 
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ttBU  9.  Tin 


!l 

Soatterli«* 

With  WLthoat 

eobsrsnt.  oohsrsnt 

Riotoelsetrlo 
K«L  and  M  shells 

Ihir  pseduetien 

lOBlens  Blsotroa 

Tstal^ 

WLth  Vlthoot 

oeberMi  eohsrant 

Ifsv 

BamsAtoa 

BamsAtea 

Bams^ton 

1 

1 

BansAton 

on?/g 

Oi^/f 

0.01 

510 

32.0 

2bOOO 

12b 

122 

.015 

3bo 

31.b 

7b]0 

33.3 

TT.S 

2b0 

30.3 

3220 

37.6 

16.5 

.08WS" 

3» 

30.0 

3050 

6.03 

5.b6 

150 

30.0 

8580 

bb.3 

b3.7 

.09 

ibo 

9.8 

8350 

b2.1 

bl.5 

.Ob 

100 

28.3 

3700 

33.3 

36.3 

.05 

28.0 

3390 

30.5 

10.2 

.06 

27.3 

1210 

6.h 

6.26 

.06 

b9 

25.8 

533 

2.36 

2.87 

.10 

bo 

2b  .6 

286 

1.65 

1.58 

.15 

22.2 

88.8 

0.601 

0.563 

.20 

91.6 

20.3 

33.3 

.32b 

.309 

.30 

13.7 

17.68 

12.b 

.169 

.159 

.bo 

17.0 

35.8b 

5.6 

.335 

.303 

.50 

15.2 

lb.b6 

3.0 

.032b 

.0666 

.60 

..80 

13.8 

12.0 

13.38 

11.75 

1.3 

1.0 

.0737 

.0660 

.0776 

.0^ 

1.0 

1.5 

10,7 

8.65 

10.56 

8.58 

0.6b 

.32 

0.3b 

•0$66 

.0^ 

2.0 

7.36 

7.32 

.20 

•$1. 

.obio 

.Ob06 

3.0 

5.76 

.12 

1.35 

0.0006 

.0967 

b.O 

b.80 

.06 

2.12 

.002 

.0955 

5.0 

b.lb 

.06 

2.78 

.006 

.0355 

6.0 

3.66 

.05 

3.33 

.01 

.0958 

8.0 

2.33 

b.20 

.02 

.0368 

10 

15 

2.55 

1.886 

.03 

.02 

b.3b 

6.33 

.09 

.05 

20 

1.512 

.015 

7.bo 

.07 

.0b57 

30 

1.100 

6.31 

.10 

.0513 

bo 

0.673 

3.83 

.13 

.0553 

50 

.728 

10.6 

.15 

.0589 

60 

.627 

11.2 

.16 

.0603 

80 

.b9b 

12.1 

.33 

.06b3 

100 

.blO 

12.7 

.a 

.0676 

a  Data  la  the  first  oolnat  la  giTsa  I7  tbs  sun  of  oobsrsot  soattsrlng  and  of  Inooharont 
aoattarlag  from  tbs  Qsln-msbliia  fomnls  oorrsotad  for  binding  offsets,  ito  tbs  saoood 
tnoobsrsnt  soattorlng  is  gloon  br  tbs  KlalB-Vistatna  fonnla  for  firso  slsetroos. 

b  Bams^ton  x  0.00$076  ■  eii?/g 

0  X  odgo)  at  this  and  loser  snsrglM  data  for  tbs  L  and  N  sbslls  is  given  shiis  ot  this  and 
higher  energies  data  for  tbs  L«  M  and  K  sbslls  Is  given. 
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llwten 

•UNTUr 


TftBUt  30.  Zodltw 


SMttoriag* 

With  WLtboot 
eohMrtBt  oohMvnt 


ItaotoclMtrlo 
K,L  and  N  atelli 


RUr  prodnetioB 


Knolraa  HmUvh 


Ttotri?* 


B. 


U^Lth  mthoQt 

eobamt  eotaatant 


Mar 

BamaAton 

1 

1 

Baroa/atoai 

0.01 

$90 

33.9 

29600 

.03$ 

380 

33.3 

.02 

270 

32.8 

bl^ 

360 

31.6 

1260 

.03323® 

350 

31.3 

933 

.03323® 

350 

31.3 

7510 

.Ob 

120 

30.6 

bb$0 

.S 

89 

29.7 

2b70 

.06 

72 

26.9 

35oo 

.06 

5b 

27  .b 

(m 

.30 

bb 

26.1 

360 

.35 

32 

23.5 

133 

.20 

26.$ 

21.5 

$0 

.30 

21.0 

18.7b 

16.0 

.bo 

18.1 

16.78 

7.2 

.$0 

16.2 

15.33 

3.9 

.60 

lb.6 

Ib.lB 

2.5 

.80 

12.8 

12.b6 

1.3 

1.0 

ll.b 

11.39 

0.8b 

1.5 

9.18 

9.10 

.la 

2.0 

7.81 

7.76 

.26 

3.0 

6.10 

.16 

b.O 

5.09 

.11 

5.0 

b.39 

.08 

6.0 

3.86 

.07 

6.0 

3.17 

.05 

2.70  .Ob 
2.00  .C9 
1.6Q3  .02 
1.36$ 


1 

1 

1 

1 

o^/f 

oa?A 

Ibb 

3b2 

b6.2 

bb.6 

20.9 

39.8 

6.7b 

6.33 

5.1b 

b.5B 

36.b 

35.8 

a.9 

ai5 

12.1 

11.9 

7.b6 

7.26 

3.b7 

3.3b 

1.92 

133 

0.668 

0.6b6 

.363 

.339 

.176 

.16$ 

.120 

.Ub 

.095b 

.0933 

.06a 

.0792 

.0669 

.0653 

0.17 

.Ottl 

.0b63 

■S& 

.59 

0.0006 

.ObU 

.Qb09 

1.53 

.0370 

2.39 

.003 

.0360 

3.12 

.006 

.0361 

3.72 

.01 

.096$ 

b.70 

.02 

.0377 

5.52 

.03 

.039b 

7.12 

.^06 

.0to7t 

8.26 

9.92 

.06 

.11 

.CS32 

0.925 

11.0 

.lb 

.0573 

.772 

11.9 

.16 

.0609 

.665 

12.5 

.17 

.0633 

.52b 

33.5 

.20 

.067$ 

.b3b 

3b.l 

.22 

.0700 

a  Data  In  ilia  flrat  eolan  la  glvan  Igr  tfaa  aia  of  ooharant  aoattarlnc  and  of  inoobarant 
aoattarinc  Awa  tba  Xlaln-Rlafalna  foraola  oonaotad  for  affaota.  In  tba  aaoond  eo3nai 

ineobarant  aoattarlng  is  glran  by  tba  GLalnHIlBhlna  formla  for  fra#  alaotrona. 

b  Bama^toa  x  O.OObTb?  ■  aaVc 

o  K  adgai  at  tbla  and  loaar  anarglaa  data  for  tba  L  and  N  aballa  ia  gtaan  abila  at  tbia  and 
Ui^wr  aaaxiiaa  data  for  tba  L«  M  and  K  aballa  la  clTaai. 

a  baify  ragloh  In  idileb  dlpola  abaorptlon  attalaa  a  —*«■»—  aroaa  aaetion. 


TUBUt  31. 


Iheien 

ScattsrlBi^ 

yith  mtheeb 

ooiwpwfe  odmvo^ 

nwtoeleetrls 
K«L  and  M  shells 

Ihir  prodooticn 

Rnolsns  Blsctroa 

Tbtal'* 

Vlth  Withost 

errant  coherent 

Mw 

1 

1 

1 

i 

Bams/aton 

Barns/atca 

Bams/itoa 

on^/g 

0.01  ^ 

1300 

b7.b 

17700 

62.2 

58.1 

xao23^ 

1200 

b7.3 

16800 

59.0 

55.2 

.OUEUr 

1000 

b6.9 

6b700 

215 

212 

.015 

8bo 

b6.5 

36000 

121 

118 

.02 

590 

liS.7 

16000 

5b.3 

52.6 

.03 

350 

bb.2 

5obo 

17.7 

16.7 

.Ob 

2b0 

b2.8 

2220 

8.06 

7.bl 

.05 

180 

bl.5 

1160 

U.39 

3.9b 

.06  . 

ib5 

b0.b 

67b 

2.68 

2.3b 

.0696b* 

122 

39.b 

li37 

1.63 

1.56 

.0696b 

122 

39.b 

3230 

11.0 

10.7 

.06 

10b 

38.3 

2250 

7.71 

7.b9 

.10 

80 

36.5 

125C 

b.36 

b.21 

.15 

5b 

32.6 

b08 

l.Sl 

l.bb 

.20 

b2 

30.1 

166 

0.7b7 

0.706 

.30 

31.5 

26.2 

63.1 

.310 

.293 

.bo 

26.5 

23  .b 

29.6 

.18b 

.17b 

.50 

23  .b 

21.b 

16.7 

.131 

.125 

.60 

21.2 

19.80 

11.0 

.105 

.101 

.80 

IB. 2 

17.39 

5.9 

.0789 

.0763 

1.0 

1.5 

16.1 

12.9 

15.63 

12.70 

3.9 

1.9 

0.bl 

.06b0 

.0b92 

2.0 

10.9 

10.83 

1.2 

1.32 

.obbo 

.Ob77 

3.0 

8.57 

8.52 

0.71 

3.13 

0.0009 

.Obt77 

.obo5 

b.O 

7.10 

.50 

b.68 

.00b 

.0b02 

5.0 

6.13 

.38 

5.96 

.006 

.Ob09 

6.0 

5.b2 

.31 

7.02 

.01 

.0b]8 

8.0 

b.b3 

.23 

8.68 

.03 

.Ob38 

10 

3.77 

.18 

10.2 

.Ob 

.Ob65 

15 

2.79 

.11 

13.1 

.06 

.0527 

20 

2.2b 

.06 

15.2 

.11 

.0578 

30 

1.627 

.06 

18.3 

.15 

.0660 

bo 

1.292 

.Ob 

20.3 

.19 

.0715 

50 

1.077 

21.8 

.22 

.on9t 

60 

0.928 

23.1 

.2b 

.079$ 

60 

.731 

A.6 

.26 

.08b5 

100 

.606 

26.1 

.31 

.0685 

•  Skta  In  the  first  eolm  is  givsn  hf  the  sua  of  eobsrsnt  scattering  and  of  incoherent 
scattering  fnw  the  Hsin-Hishlna  fomla  oorreoted  for  bimUi^  effsota.  In  the  second  colnn 
ineoberent  scattering  is  given  tagr  the  Klein-Rishina  formla  for  free  eleotrcas. 

b  Bans/atoa  x  0.003276  •  oa?/g 

c  Ig  edge;  at  this  and  lover  energies  data  for  the  M  shell  is  given. 

d  edge)  fron  this  ensrgx  to  the  X  edge  eiargsr  data  for  the  L  and  H  shells  is  given, 
e  K  edge)  at  this  and  higher  energies  data  for  the  L,  M  and  K  shells  is  given. 


TLBU  32.  njktinai 


Rwtfln 

ttwrgr 

Seattorlng* 

Kith  Ulthoutr 

oobsrsnt  ootaorsBt 

Rwtooloetris 
K,L  and  M  shells 

ndr  prodnetlon 

Nuclsus  dsetron 

Tbtal^ 

mtb  W.tboat 

ootwraot  e^wrani 

Mss 

Bams/kton 

Bams/atoi 

Bazns/atosi 

Bsms/aton 

1 

J 

oi^/l 

SS?/g 

0.01 

11(00 

b9.9 

22000 

72.2 

68.0 

.01358® 

1200 

b9.6 

ibSOO 

b9.b 

b5.8 

.03351** 

1000 

b9.2 

53900 

169 

166 

.015 

5ii0 

b9.1 

b3800 

338 

135 

.02 

670 

bB.2 

19700 

62.9 

60.9 

.03 

boo 

b6.6 

62b0 

20.5 

19.b 

.OU 

280 

b5.1 

2720 

9.26 

8.53 

.05 

230 

b3.8 

ibbo 

5.09 

b.58 

.06  , 

163 

b2.6 

836 

3.06 

2.71 

.07858* 

137 

bo  .6 

380 

1.53 

1.30 

.07858* 

117 

bo  .6 

2860 

9.19 

8.95 

.06 

115 

bo  .3 

2750 

8.8b 

8.61 

.10 

88 

38.b 

3500 

b.90 

b.75 

.15 

59 

3b.6 

li96 

1.72 

1.6b 

.20 

li5 

31.7 

226 

0.836 

0.795 

.30 

3h 

27.6 

77.3 

.3b3 

.32b 

.Uo 

26.3 

2b.7 

37.1 

.202 

.191 

.50 

2l(.8 

22.6 

21.2 

.lb2 

.335 

.60 

22.5 

20.9 

13.9 

.112 

.107 

.80 

19.2 

18.33 

7.6 

.0627 

.0600 

1.0 

17.0 

16  .b7 

.0676 

.0659 

1.5 

13.6 

13.38 

2.b 

0.b7 

.0506 

.0501 

2.0 

11.6 

ll.b2 

1.5 

l.Sl 

.0fa51 

.0bb5 

3.0 

9.0b 

8.98 

0.90 

3.52 

0.001 

.0bl5 

.oblb 

1(.0 

7.52 

7.b8 

.63 

5.a 

.00b 

.0bl2 

.obll 

5.0 

'6J16 

.be 

6.59 

.009 

.0bl6 

6.0 

5.71 

.39 

7.73 

.02 

.0b27 

8.0 

U.67 

.29 

9.5b 

.03 

.ObbB 

10 

15 

3.98 

2.9b 

.22 

.lb 

11.2 

Ib.b 

.05 

.06 

.05U 

20 

2.36 

.10 

16.7 

.11 

.0595 

30 

1.715 

.07 

20.1 

.16 

.0680 

I«0 

1.362 

.06 

22.3 

.20 

.0736 

50 

1.136 

.Ob 

2b.O 

.23 

.078b 

60 

0.978 

25.b 

.25 

.0822 

80 

.770 

27.3 

.29 

.0875 

100 

.639 

28.6 

.33 

.0933 

a  Data  tn  the  first  colon  is  givsn  tlw  sos  of  ootasmit  soattsriiy  and  of  incotarant 
soattering  fton  tlw  Qsin-Sishiiia  fomiia  oorrootad  for  bindl^  offsets.  In  the  soeond  ooluwi 
inoolwront  soattsrlng  is  givon  by  tbs  Klein'-irishina  fonula  for  froo  slootrons. 


to  BamsAton  x  0.003066  ea^/g 

o  sdgo;  at  this  and  losor  onsrgiss  data  for  tbs  H  sbsU  is  gissn. 
d  sdgs}  fron  this  snargy  to  ths  K  sdgo  sostgy  data  f or  ths  L  and  M  sbsUs  is  gissn. 
s  K  sdgo;  at  this  and  higher  onsrgiss  data  for  tbs  M  and  K  sbslls  is  gissn. 


ff- 
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UBU  33.  TtalUia 


Fhetsn 

moMtj 

Seattarli«* 

Wth  WLthoot 

oobsrsnt  oobsrsnt 

Riotoalsotrlo 
X«L  and  N  absUs 

Ibir  production 

Nnelsus  Xlaotran 

Total^ 

With  HLthoot 

oobsrsnt  oobsrsnt 

ItoT 

Bams/itOB 

Baras^tOB 

Bams/atoa 

1 

1 

Bams^toB 

eB*/| 

OB^/k 

O.WL  . 

1500 

51.8 

26000 

81.1 

76.8 

.(0268^ 

1200 

51.3 

13bOO 

b3.0 

39.7 

990 

50.7 

b7200 

lb2 

339 

.02 

730 

50.1 

22700 

69.1 

67.1 

.03 

li30 

b8.b 

7220 

22.6 

21.b 

.Ob 

300 

b6.8 

3200 

10.3 

9.57 

.05 

220 

b5.b 

1660 

5.Sb 

5.03 

.06 

180 

Ui.2 

976 

3.1a 

3.01 

.06 

lab 

ia.9 

1(20 

1.60 

1.36 

.0658b« 

lib 

bl.3 

3bl 

1.3b 

1.13 

.0658b* 

Ub 

ia.3 

2577 

7.93 

7.72 

.30 

95 

39.9 

1710 

5.32 

5.16 

.15 

63 

35.9 

576 

1.68 

1.80 

.2D 

b6 

32.9 

261 

0.931 

0.866 

.30 

35.5 

28.6 

88.9 

.367 

.3b6 

.bo 

29.6 

25.6 

1(3.6 

.216 

.20b 

.50 

26.0 

23.b 

25.0 

.350 

.lb3 

.60 

23  Jt 

a.7 

I6.b 

.117 

.112 

.80 

20.0 

19.0b 

8.9 

.0652 

.oe2b 

1.0 

17.8 

17. U 

5.8 

.0696 

.0675 

1.5 

lb.2 

13.90 

2J) 

0.53 

.0537 

.0506 

2.0 

12.0 

11.86 

1.8 

1.67 

.Ob56 

.Ob52 

3.0 

9.b0 

9.32 

1.1 

3.83 

0.001 

.0b22 

.0b20 

b.O 

7.81 

7.77 

0.72 

5.62 

.00b 

.Ob37 

.0bl6 

5.0 

6.71 

7.06 

.009 

.Ob23 

6.0 

5.93 

8.29 

.02 

.0b33 

8.0 

b.85 

.32 

10.2 

.0 

.0i5b 

ID 

b.l3 

.25 

12,0 

.05 

.obSb 

15 

3.06 

.37 

I5.b 

.09 

.0552 

20 

2.ii$r 

.12 

17.9 

.12 

.0607 

30 

1.781; 

.09 

21.5 

.37 

.069b 

bo 

l.blb 

.07 

23.9 

.21 

.075b 

50 

1.179 

.05 

25.7 

.2b 

.0601 

60 

1.036 

27.1 

.26 

.0637 

80 

0.800 

29.2 

.31 

.069b 

100 

.66b 

30.6 

.3b 

.0932 

a  Data  in  tha  first  eolmti  is  girsn  tj  ths  sun  of  oobsrsnt  seattsring  and  of  inoohsrsnt  seattsr- 
iag  froB  tbs  Klsin-Wirtiina  fonaila  eorrsotsd  for  binding  sffsots.  In  tbs  sseond  oolun  ineobsrsnt 
soattsrlag  la  givsn  bj  tbs  Klstn*Wnbliia  fonmla  for  frss  sloetn»a. 


b  Bams/atoa  x  0.0029li8  ■  eaVc 

0  sdgs}  at  this  and  lowsr  ansrglss  data  for  tbs  M  absU  la  giTso. 
d  Li  sdgS{  froB  this  SBsrgjr  to  ths  K  sdgs  sosxgT’  data  for  ths  L  and  M  shsUs  is  gissn. 
s  X  •dgs)  at  this  and  hlgbar  sosrglss  data  for  ths  L«  M  and  K  shsUs  is  gitsn. 
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Ihoten 


SoftttmriaK 


With  Mithoot 

wriwmt  ooharant 


RiotMlaetrle 
K,L  •»!  M  •tells 


Rklr  prodnetlon 


Totel 


Muelras  IlMtxva  nnS^ 


tov 

BamsAtou 

Bams/atoa 

Bams/atoa 

Bams/atoa  Bams/atea  «a?/g 

1600 

52.5 

2/500 

8b.6 

,0130/® 

1200 

51.6 

13200 

bl.9 

WS89* 

960 

51.3 

ii5boo 

135 

,02 

750 

50.7 

2b000 

72.0 

,Q3 

b5o 

b9.0 

7620 

23.5 

,0b 

310 

b7.b 

3310 

10.5 

.0$ 

230 

1)6.0 

17b0 

5.73 

,06 

180 

bb.8 

lobo 

3.55 

,08  - 

1'' 

b2.b 

bbb 

1.66 

.08823* 

bl.6 

33b 

IJO 

.06823® 

113 

ia.6 

2510 

7.63 

a  Data  in  the  first  oolc's  is  giTsn  hjr  the  sub  of.  ooherent  scattering  and  of  inooterent 
scattering  fron  the  Klein-Nishina  fomula  corrected  for  binding  effects.  In  the  second  colon 
Ineotermt  scattering  is  given  by  the  Klein-Nishina  fomula  for  free  electrons. 

b  Barns/aton  x  0.002906  ■  onVc 

c  adgs)  at  this  and  lower  energies  data  for  the  M  shell  is  given. 

d  edgei  from  this  energy  to  the  K  edge  energy  data  for  the  L  and  M  shells  is  given. 

e  K  edget  at  this  and  higher  enu^ies  data  for  the  L*  M  and  K  shells  is  given. 

*  fasrgy  region  in  etaieh  dipole  absorption  attains  a  eaxiena  cross  seotion. 


lABU  3$.  arsnitai 


Rwton 

Scattering* 

Vlth  VH.thoiit 

coherent  coherent 

%otoeloetrio 
K,I.  and  K  shells 

fair  production 

Nucleus  Electron 

Total^ 

With  Without 

coherent  cohermt 

Hrr 

Bams/aton 

Bams/at<Ma 

Bams/aton 

Bams/aton 

Bams/aton 

enVg 

enVg 

0^01 

2100 

58.9 

Ui600 

118 

113 

.015  . 

iboo 

57.9 

lii500 

I1O.2 

36.8 

.01720! 

1200 

57.U 

10000 

28.3 

25.5 

.02181* 

680 

56.5 

291*00 

76.6 

7I4.6 

.03 

5S0 

5U.9 

12000 

31.9 

30.5 

.Oit 

UX) 

53.2 

5250 

lli.3 

13 .14 

.05 

300 

51.6 

2780 

7.79 

7.37 

.06 

230 

50.2 

161IO 

I4.73 

14.28 

.06 

163 

10^.6 

716 

2.22 

1.93 

.10  ^ 

123 

145.3 

y?u 

1.26 

1.06 

.1163® 

103 

li3.8 

239 

0.865 

0.716 

.1163® 

103 

I43.8 

1790 

I1.79 

U.61t 

.15 

78 

I4O.8 

916 

2.52 

2.1t2 

.20 

59 

37.U 

1425 

1.22 

1.37 

.30 

U2 

32.5 

II16 

0.1*76 

O.I452 

.llO 

3lt.7 

29.1 

73.2 

.273 

.259 

.50 

30.2 

26.6 

li3.1 

.185 

.176 

.60 

27.1 

2I1.6 

29.2 

.llt2 

.136 

.80 

23.0 

21.6 

16.0 

.0987 

.0952 

1.0 

20.3 

19.I43 

10.5 

.0779 

.0757 

1.5 

16.2 

15.79 

5.1 

0.77 

.0559 

.051t8 

2.0 

13.7 

13.1<7 

3.3 

2.35 

.0lt90 

.OliBlt 

3.0 

10.7 

10.59 

1.9 

5.09 

0.001 

.0lilt8 

.0lili5 

1(.0 

8.88 

8.83 

1.3 

7.26 

.OOlt 

.Ottil 

.OltltO 

5.0 

7.62 

1.0 

9.00 

.01 

.0ltli6 

6.0 

6.7U 

0.81 

10.lt 

.02 

.olt55 

8.0 

5.51 

.59 

12.8 

.Olt 

.01*79 

10 

U.69 

•I16 

15.0 

.06 

.0511 

15 

3.1<7 

.30 

19.3 

.10 

.0586 ♦ 

20 

2.78 

.22 

22.lt 

.13 

.061I6 

30 

2.023 

.15 

26.8 

.19 

.(7738 

Ifi 

1.606 

.11 

29.8 

.2lt 

.080lt 

50 

1.31*0 

.09 

32.1 

.27 

.0855 

60 

I.15I4 

33.9 

.30 

.0895 

80 

0.909 

36.5 

.35 

.0956 

100 

.751» 

38.3 

.39 

.0998 

a  Data  In  the  first  columt  is  given  by  the  sun  of  coherent  scattering  and  of  incoherent  scatter- 
ing  from  the  Klein^ishina  fomola  corrected  for  binding  effects.  In  the  second  coluim  incoherent 
scattering  is  given  by  the  Klein-Nishina  fomula  for  free  electrois. 

b  Bams/aton  x  0.002$31  -  ati^/g 

0  sdge}  at  this  and  lover  energies  only  K  shell  data  is  given. 

d  edge;  from  this  to  the  K  edge  energy  data  for  the  L  and  M  shells  is  given, 

e  K  edge;  at  this  and  higher  energies  data  for  the  L,  M  and  K  shells  is  given. 

♦  Bnsrgy  region  in  iihldi  dipole  abeorptlon  attains  a  aaxiann  cross  section. 
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TABIB  36.  Wkiw 


Rwton 

mamrtr 

Scattering* 

Uith  Without 

coherent  coherent 

Riotoeleotrle 

K  and  L  shells 

Ibir  production 

Nucleus  Electron 

Total^ 

With  Without 

coherent  coherent 

Mrr 

Bams^leoule 

Bams/noleeule  Bams/noleeule 

Bams/noleeule 

Bams/noleeule 

cn?/g 

cn^/g 

o.oi 

12.8 

6.1«0 

II16 

5.31 

5.10 

.015 

9.51i 

6.29 

39.6 

1.6U 

1.53 

.02 

8.19 

6.18 

15  .li 

0.789 

0.722 

.03 

6.96 

5.77 

U.09 

.yio 

.336 

.ou 

6.3U 

5.78 

1.55 

.a6it 

.2b5 

.05 

5.92 

5.61 

0.73 

.222 

.212 

.06 

5.70 

5.I16 

.U) 

.20b 

.196 

.06 

5.33 

5.17 

.15 

.183 

.178 

.10 

5.05 

U.93 

.071 

.171 

.167 

.35 

li.50 

U.liU 

.020 

.151 

.lb9 

.20 

It.io 

U.07 

.010 

.vr 

.336 

.30 

3.55 

3.51i 

.119 

.118 

.1(0 

3.17 

.106 

.50 

2.89 

.0966 

.60 

2.68 

.0896 

.80 

2.35 

.(7786 

1.0 

2.11 

.0706 

1.5 

1.716 

0.0029 

.0575 

2.0 

l.libli 

.011 

.Ob93 

3.0 

1.151 

.033 

O.ObOl 

.0396 

li.O 

0.960 

.055 

.OOOU 

.0339 

5.0 

.826 

.072 

.001 

.0301 

6.0 

.732 

.069 

.002 

.0275 

8.0 

.599 

.116 

.003 

.02b0 

10 

.510 

.138 

.006 

.0219 

15 

.377 

.181 

.010 

.0190 

20 

.302 

.233 

.011( 

.0177 

30 

.220 

.256 

.019 

.0166 

IjO 

.I7l»6 

.287 

.02U 

.0162 

50 

.lli56 

.310 

.026 

.0161 

60 

.125U 

.327 

.029 

.0161 

80 

.0988 

.355 

.03h 

.0163 

lOO 

.0820 

.376 

.038 

.0166 

a  Data  In  the  first  colujm  Is  given  by  the  sum  of  coherent  scattering  and  of  incoherent  scatter¬ 
ing  from  the  Klein^lshlna  formula  corrected  for  binding  effects.  In  the  second  column  incoherent 
scattering  is  given  by  the  Klein-Nishina  formula  for  free  electrons. 

b  Bams/noleeule  x  0.033l(U  ■■  em?/g 
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tABUt  37.  SodluB  lodlite 


So«tt«rla|t*  Hir  produetlao  Tdtal^ 


fhotOB 

energy 

mth 

eoharant 

VO-thout 

coherent 

Ihotoalactrlo 
X«L  and  M  ahalla 

Nuolaua 

Blactron 

With  Without 
coherent  cobarent 

Hev 

Bama/aolaeula 

Barna^lecula 

Bama/eolaottla 

Bama/nolacula 

Barm/aoleottle 

«»Vg 

0.01 

610 

bl.O 

301(00 

125 

122 

.015 

330 

1(0.3 

9530 

39.9 

38.5 

.02 

280 

39.6 

1(200 

18.0 

17.0 

170 

38.2 

1280 

5.83 

5.30 

.03323® 

160 

37.8 

9I16 

b.b5 

3.95 

.03323 

160 

37.8 

7520 

30.9 

30.b 

.Oit 

330 

37.0 

1(500 

18.6 

18.2 

.0$ 

96 

35.9 

21*70 

10.3 

10.1 

.06 

79 

3U.9 

1500 

6.35 

6.37 

.06 

60 

33.1 

678 

2.97 

2.86 

.10 

50 

31.5 

360 

1.65 

1.57 

.15 

37 

26.1( 

133 

0.603 

0.568 

.20 

31 

26.0 

50.0 

.326 

.305 

.30 

2b.9 

22.6 

16.0 

.16b 

.155 

.liO 

21.6 

20.3 

7.2 

.116 

.m 

.50 

19.l( 

18.51 

3.9 

.0936 

.0901 

.60 

17.7 

17.12 

2.5 

.0612 

.0789 

.80 

iS.b 

I5.0l( 

1.3 

.0671 

.0657 

1.0 

13.7 

13.52 

0.8I» 

.058b 

.0577 

1.5 

11.1 

10.96 

.la 

0.18 

.01*70 

.^5 

2.0 

9.1(2 

9.yf 

.26 

.61 

.Oblb 

.0bl2 

3.0 

7.37 

.16 

1.59 

0.0007 

.0367 

ll.O 

6.1i( 

.11 

2.1(9 

.00l( 

.0351 

5.0 

5.30 

.06 

3.25 

.007 

.031*7 

6.0 

1(.66 

.07 

3.86 

.01 

.031*7 

6.0 

3.83 

.05 

1(.91 

.02 

.035b 

10 

3.26 

.oU 

5.77 

.Ob 

.0366 

IS 

2.1a 

.03 

7.1(5 

.07 

.oboo 

20 

1.935 

.02 

8.65 

.30 

.01(30 

30 

1.1*07 

lO.b 

.33 

.0b80 

bo 

1.117 

31.5 

.17 

.051b 

50 

0.932 

12.5 

.39 

.051*7 

60 

.803 

33.1 

.a 

.0567 

80 

CM 

• 

3i(.l 

.2b 

.0602 

xo 

.525 

ll(.8 

.27 

.0627 

a  Data  in  tha  fint  oolun  la  given  iQr  the  aue  of  errant  acattarlng  and  of  ineoharent  aoattar- 
ing  ftoa  tha  Klaln'Klahlna  foxwQa  oozreotad  for  binding  affaota.  In  tha  aacond  eolmn  inoohaxant 
acattarlng  la  given  bgr  tha  CLeln-Nlahina  f omala  for  free  alactrona . 

b  Bama/ulacnla  x  O.OOI1OI9  ■  oa?/g 

o  K-adga  of  Zodlnaj  at  thia  and  lower  anerglaa  data  for  the  L  and  M  ahalla  la  given  iihila  at 
thla  and  hl^ier  anerglaa  data  for  tha  L,  N  and  X  ahalla  la  given. 
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TABLK  36.  CiOoiuB  n>o8pteto 


IhOtOB 

mmttcf 

Seatteriiv* 

With  mthout 

coherent  oohsrant 

Riotoelsotrle 
X,L  and  M  shells 

Bair  produotion 

Xuolsus  Slsctron 

Total^ 

With  Without 
ooberwrt  ooherant 

Mbt 

Bams/»leeule 

Bams/nDlecule 

Bams/moleeule 

Bams/nolscule  Bajns^aslscule 

•xf/t 

omV* 

0.01 

375 

96.6 

2b50O 

b8.3 

b7.8 

.015 

2UB 

96.9 

7580 

15.2 

lb.9 

.02 

95.2 

3220 

6.63 

6.bb 

.03 

m 

91.9 

9b3 

2.11 

2.01 

.OU 

121 

89.0 

J76 

0.965 

0.903 

.05 

107 

86.li 

185 

.567 

.527 

.06 

99.2 

8h.l 

105 

.397 

•367 

.08 

88.5 

79.6 

b2.2 

.25b 

.237 

.10 

81.7 

75.9 

21.7 

.201 

.190 

.15 

71.2 

68.3 

5.8b 

.150 

.Ibb 

.20 

61i.2 

62.6 

2.bl 

.129 

.126 

.30 

55.2 

5U.1( 

0.72 

.109 

.107 

.1(0 

U9.2 

1(8.8 

.32 

.0962 

.095b 

.50 

Ia.? 

liU.5 

.18 

.0&72 

.0668 

.60 

ltl.3 

ia.2 

.11 

.060b 

.0602 

.60 

36.3 

36.2 

.05 

.0706 

.070b 

1.0 

32.6 

32.5 

.03 

.063b 

.0632 

1.5 

26  .b 

0.10 

•O^IS 

2.0 

22.5 

.38 

eObllL 

3.0 

17.73 

1.08 

0.002 

.oM 

U.o 

11(.78 

1.79 

.007 

.0322 

5.0 

12.75 

2.36 

.02 

.029b 

6.0 

11.27 

2.91 

.03 

.0276 

8.0 

9.22 

3-75 

.06 

.0253 

10 

7.85 

b.50 

.09 

.02b2 

15 

5.81 

5.66 

.17 

.0290 

20 

U.66 

6.66 

.23 

.0226 

30 

3.39 

8.23 

.32 

.0232 

1(0 

2.69 

9.22 

.bo 

.0239 

50 

2.2b 

9.92 

.b5 

.02b5 

60 

1.931 

10.5 

.50 

.0251 

80 

1.522 

ll.b 

.58 

.0262 

100 

1.263 

12.0 

.65 

.0270 

•  Date  in  tt»  first  colun  is  givon  h}r  the  sum  of  eoharent  sesttsxlng  and  of  inoohsrsnb  scatter* 
lag  from  the  KleinHIishlna  formaOm  corrected  for  bindlDg  effects.  In  the  second  column  incoherent 
scattering  is  given  bgr  Um  Klein-Nishina  fomila  for  free  elsctrons. 

b  BaznsADleeule  x  0.0019U2  *  oa?/t 
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tkVHZ  39.  Air 

0.755. H,  0.232  0,  0.013  A  ty 
Ifcaa  Ibsorptloa  Coafflolent 


Hiotoii 

energy 

nth 

coherent 

Total 

nttout 

coherent 

Fboton 

energy 

With 
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20 

.0166 
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30 
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.itO 
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UO 
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.0157 

.60 

.O8OU 

.080U 
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.0706 
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Ihble  UO.  Concrete 
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31.355  Si, 

U.565  Al,  8.265  Ca, 

1.225  Fe,  0.2U5  Vg, 

1.715  Na,  1.925  K, 

0.125  S)  (/>-  2.35  g/oe?) 
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Hioton 

Ikae  Abeorptlon 
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Coefficient 
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0.01 

2lt.6 
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.0870 

10.0 
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.05 
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.0217 
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.0363 
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.0222 
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Coherent  scattering  is  not  included  in  the  calculations.  Ihe  data  were  not  revised. 
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TabIjB  41.  Incoherent  tftUUring  Junction,  S(y) 


Thomw> 

Fennl* 

liMUk 

Koppe* 

TbOtDM- 

Fannl* 

Lnu^ 

Koppe* 

aoot 

0.0068 

0.00037 

0.776 

0.800 

.006 

.051 

.01 

.007 

.074 

.034 

.880 

.905 

0.838 

.03 

.l« 

.900 

.03 

.337 

.317 

.04 

.m 

.9*4 

. 

.05 

.319 

.106 

.064 

.1 

.486 

.560 

.370 

.963 

1.0 

.084 

.3 

.674 

.583 

HMI 

•  Values  below  f -0.05  are  Itoni  Wheeler  and  Lamb,  and  from  *a0.0t  to  1  from  Bewflofoa. 
k  Values  are  oaloulatad  tor  the  MoUtre  apprailmatloa  to  the  Thomas-Fermi  distribution. 

•  Values  are  calculated  for  analytieal  interpolatloa  to  give  oorrect  values  at  low  s  and  Thomaa-Fwini  at  high  s. 


5.  Appendix— Survey  ot  Data  on  the  Incoherent  Scattering  Function 


Many  effects  of  the  interaction  of  radiations 
with  atoms  depend  on  the  so-called  incoherent 
scattering  function  S{q,Z).  Among  tiiese  are  the 
small-angle  incoherent  scattering  of  X-rays  [73], 
the  smJl-angle  inelastic  scattering  of  chafed 
particles  [74,  75],  and  the  production  of  brems- 
strahlung  and  of  positron-electron  pairs  in  the 
field  of  dectrons  [76].  Data  on  are  repre¬ 

sented  in  the  graphs  of  figures  6  and  7  and  in 
table  41. 

The  incoherent  scattering  function  represents 
the  probability  that  an  atom  of  a  specific  mate¬ 
rial  be  raised  to  any  excited  or  ionized  state  as  a 
result  of  a  sudden  impulsive  action  which  imparts 
a  recoil  momentum  q  to  any  of  the  atomic  elec¬ 
trons. 

The  generalized  form  factor  of  an  atom  with 
atomic  number  Z  can  be  defined  as  a  matrix 
element 


where  Vf  is  the  position  vector  of  the  jth  electron 
with  respect  to  the  nucleus,  and  <  indicates  the 
energy  of  an  excited  (or  ionized)  stationary  state, 
as  measured  from  the  ground  state.  The  egres¬ 
sion  (15)  and  all  of  its  applications  in  this  ap¬ 
pendix  have  been  derived  and  should  be  considered 
only  in  the  frame  of  nonrelativistic  quantum 
mechanics. 

The  incoherent  scattering  function  S{q,Z)  is 

the  sum  of  the  |F,(5)|*  over-all  excited  states  of 
the  atom,  divided  by  the  number  of  electrons,  Z. 

The  sum  is  independent  of  the  direction  of  q  for 


atoms  with  spherical  symmetry  or  for  an  assembly 
of  atoins  with  random  orientation. 

In  order  to  minimize  the  variation  of  the  inco¬ 
herent  scattering  function  from  one  element  to 
another  it  is  convenient  to  express  the  recoil 
momentum  q  in  terms  of  a  suitable  unit,  namely, 
to  replace  q  by  the  variable 

p=0.333  galhZ*/*,  (16) 

where  o=0.53X10“*  cm  is  the  Bohr xadius. 

The  incoherent  scattering  fimetion  is  then  in¬ 
dicated  as 

S{v)=S{0.m  qalhZ^^={l/Z)  f  *  *1  F.(2)|*  (17) 

w^here  the  integral  includes  both  a  sum  over  the 
discrete  spectrum  and  an  integral  over  the  con¬ 
tinuous  spectrum.  The  function  (17)  still  depends 
on  Z  at  constant  v,  but  this  dependence  is  not 
indicated  explicitly. 

This  equation  may  be  transformed  by  applica¬ 
tion  of  a  closme  theorem  (sum  rule)  so  that  it 
defines  S(v)  in  terms  of  properties  of  the  ground 
state  only,  specifically  in  terms  of  diagonal  ele¬ 
ments  of  matrices  pertaining  to  the  ground  state 


5r(»)=(l/Z)[(0|lSc*^V|0)-IF(2,Z)n  (18) 

where  F(g,Z)  is  the  form  factor  that  determines 
the  coherent  scattering. 

YThen  the  electron  recoil  momentiun,  q,  is  much 
larger  than  the  initial  momentum  of  the  electron 
in  its  bound  state,  the  electric  forces  that  initially 
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were  binding  the  electron  in  the  atom  influence 
the  recoil  only  to  a  alight  extent.  The  recoiling 
dectron  is  practically  certain  to  leave  th^  atom, 
and  the  incoherent  scattering  function  is  very 
nearly  equal  to  1.  This  feature  is  displayed  by 
every  graph  in  figure  6.  On  the  other  hand,  if 
the  recoil  momentum  is  very  small,  the  atom  is 
almost  certiuh  to  absorb  the  recoil  as  though  it 
were  a  rigid  body,  that  is,  to  remain  in  its  ground 
state.  Accordingly,  Siv)  tends  to  vanish  for  small 
values  of  v,  as  shown  in  figure  6. 

Hy^ogen  atom.  The  incoherent  scattering 
function  for  the  hydrogen  atom  can  be  calculated 
analytically,  because  the  H  wave  function  is 
known  analytically,  and  has  in  fact  a  simple 
algebraic  form.  The  first  term  in  the  bracket  of 
eq  (18)  equals  1  for  H  and  the  second  term  equals 

[1 + g»oV4ft*]  -«=  [1  +9.04»*/4] 

Therefore, 

S(o)=l-[l+9.04»»/4]-« 

(9.04e*/4)(2+9.04t)»/4)(2+9.04o*/2+81.6»Vl6) 
“  (l+9.04»*/4)« 

(19) 

This  expression  is  plotted  in  figure  6. 

Thonuu-Fermi  model.  The  incoherent  scattering 
function  for  an  atom  described  by  the  Thomas- 
Fermi  model  has  been  calculated  by  Heisenberg 
[77]  and  Bewilogua  [78].  According  to  this  modm 
the  incoherent  scattering  function^  jS(e),  is  a 
universal  function  independent  of  Z,  i.  e.,  valid  for 
aU  elements.  It  is  plotted  in  figure  6  and  tabulated 
in  table  41 .  It  was  stated  by  the  authors  that  this 
application  of  the  Thomas-Fermi  model  should  be 
valid  for  Z>6,  on  the  basis  of  comparison  with 
calculations  for  C  and  O  atoms  with  screened 
hj^drogenic  wave  functions. 

The  Thomas-Fermi  mcjlel  yields  an  electron 
distribution  that  is  excessively  smeared  out  at  the 
edge  of  llie  atom.  This  causes  the  incoherent 
scatter^  function  to  be  in  error  for  small  values 
of  V.  The  incorrect  assumption  that  this  part 
of  the  electronic  distribution  is  spread  out  with 
low  density,  low  binding  energy,  and  low  momen¬ 
tum  yields  an  erroneously  large  probability  of  in¬ 
coherent  scattering  with  low  recoil  momentum. 
Therefore,  the  Thomas-Fermi  8{v)  tapers  off  much 
too  slowly  for  low  v,  that  is,  on  the  left  side  of 
figure  6. 

The  Thomas-Fermi  model  also  gives  an  incor¬ 
rectly  hi^  density  of  electrons  near  the  nucleus, 
as  thou^  there  were  a  portion  of  the  electronic 
charge  with  excessively  high  momentum.  [There 
resuRs  an  incorrectly  la^  probability  of  coherent 
scattering  for  comparatively  large  values  of  q  and 
V,  and  a  corretqronding  incorrectly  low  probability 
of  incoherent  scattering.  As  a  result  the  Thomas- 
Fermi  S{v)  approaches  1  in  the  region  of  r=l  too 


graduallv.  This  is  indicated  by  the  comparison 
of  the  Thomas-Fermi  S{v)  with  the  curves  calcu¬ 
lated  from  the  Hartree  model  in  figure  7. 

Lens  [79]  has  su^;^ted  that  sim]^ified  calcula¬ 
tions  be  made  utilizing  the  approximate  formula 
for  the  electron  density  of  the  Thomas-Fermi 
atom  introduced  by  Mmidre  [80].  In  table  41  a 
comparison  is  made  of  Siv)  obtained  by  Bewilogua 
for  the  Thomas-Fermi  model  and  values  from 
the  Moli^  tj^  of  approximation.  The  Moli^ 
distribution  of  electrons  drops  off  at  the  edge  of 
the  atom  faster,  and  therefore  more  realistically, 
than  the  Thomas-Fermi  distribution.  Accord¬ 
ingly  ^e  scattering  function  is  more  in  line  with 
realistic  expectation  than  is  the  original  Bewilogua 
curve. 

Low-v  approximation.  Koppe  [81]  has  suggested, 
that  the  incoherent  scattering  fimction  be  calcu¬ 
lated,  for  low  V,  from  an  improved  model.  For 
low  e,  that  is  for  low  q,  the  exponential  in  eq  (15) 
can  be  expanded  into'rowers  of  q,  disregarding 
powers  after  the  first,  l^e  first  term  of  the  expan¬ 
sion,  namely  Sil=Z,  contributes  to  F<({)  an 
amount  Z(c]l|0),  which  vanishes  owii^  to  the 
orthogonality  of  the  eigenfunctions.  The  next 
term  yields 

^’.(5-f-:^(«i^io).  (20) 

This  eimression  vanishes  for  parity  reasons  when 
c=0.  A  closure  theorem  yields  thm 

SW = (1/Z) JjF.®  IW.-!  (o][1:^'J|o) 

=2^.(0|IS^.I*|0).  (21) 

where  the  last  equality  has  been  obtained  by 
averaging  over-aU  directions  of  s  and  taking  into 
account  the  assumed  spherical  symmetry  of  the 
atom. 

Because  the  atomic  electrons  move  very  nearly 
independently  of  one  another,  the  square  of 
in  eq  (21)  has  an  average  value  nearly  equm  to 

that  of  This  latter  average  can  be  ob¬ 

tained  for  various  substances  from  experimental 
values  of  the  volume  diamagnetic  susceptibility 
according  to  the  law  that 

=1.26X10^-)£«0-a’..  (22) 

P 

where  N  is  the  number  of  atoms  per  cubic  centi¬ 
meter,  A  is  the  atomic  numper,  p  the  density  in 
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gra^  per  cubic  centimeter,  and  a  is  the  Bohr 
radius.  Equation  (22)  differs  from  Koppe’s  eq 
(14)  by  a  factor  of  2.  This  discrepancy  is  probably 
due  to  an  inconsistency  between  the  normaliza¬ 
tions  involyed  in  the  various  equations  [81,  p. 
661]. 

A  reasonable  approach  to  obtain  a  complete 
curve  S{v)  would  be  to  draw  S(v)  for  low  v  on  the 
basis  of  eq  (21)  and  (22),  for  large  v  on  the  basis 
of  the  Thomas-Fermi  curve,  and  then  join  bv 
interpolation  the  parts  of  the  ciu*ve  thus  obtained. 
Koppe  has  suggested  that  this  interpolation  be 
done  simply  by  multiplying  the  Thomas-Fermi 
S(v)  by  the  factor  »/(p-f  A),  where  the  constant  A 
is  adjusted  to  yield  the  correct  behavior  for  low  v. 
However,  this  interpolation  formula  appears  to 
give  values  of  S(v)  that  are  too  low  for  intermedi¬ 
ate  values  of  v  (see  table  41).  Therefore,  a  more 
realistic  interpolation  seems  necessary. 

Hartree  model  ealcultUiona.  A  more  basic  ap¬ 
proach  to  the  calculation  of  S(q,  Z)  utilizes  elec¬ 
tron  atoms  nrovided  by  the  Hartree  self-consistent 
field  methoa  [82].  Data  obtained  by  this  method 
are  discussed  in  this  section,  but  oh  the  whole, 
applications  of  the  Hartree  method  to  the  inco¬ 
herent  scattering  function  appear  much  less  ad¬ 
vanced  than  one  might  believe. 

The  Hartree  method  starts  from  sn  indep^drat 
partide  picture,  whidi  assumes  that  the  excitation 
or  ionization  involves  one  dectron  only,  leaving 
the  other  electrons  tmdisturbed.  From  this  stand¬ 
point  the  incoherent  scattering  function  for  a 
material  represents  simply  an  average  of  the 
incoherent  scatterum  fimctions  for  its  separate 
electrons.  One  can  then  write 

s(2,z)- 1  -(i/z)z:*iyr  (y)i*.  (23) 

where /o**  (2)  indicates  the  probability  that  the  ith 
electron  gets  neither  excited  nor  detached,  even 
though  it  has  received  the  recoil  momentum  q. 
The  quantity  /|/’(2)  quite  the  same  as  the 

ordinuy  form  factor  f^*\q),  which  represents  the 
contribution  of  the  ith  electron  to  coherent 
scattering;  the  difference  lies  in  the  fact  that  the 
excitation  of  an  electron  from  one  orbit  to  another 
m^  be  forbidden  by  the  exclusion  principle. 

Data  on  the  form  factor /“’(fl')  for  electrons  in  a 
few  orbits  and  for  a  number  of  atoms  have  been 
provided  by  James  and  Brindley  [47]  on  the  basis 
of  Hartree  wave  functions.  Values  of  e|/‘0(2)|» 
have  been  calculated  from  these  data  by  Compton 
and  AUkon  [83].  However,  it  is  not  clear  how 
this  data  was  obtained  for  the  higher  Z  materials 
because  James  and  Brindley  mve  practically  no 
data  for  shells  higher  than  the  M  shell.  The 

combined  difference  between  |/l  01* 

for  all  electrons  is  treated  by  Wafler  and  Hartree 


[84]  and  indicated  as  a  corrective  term  by  Firenne 
[74].  The  relative  importance  of  this  con^tive 
term  decreases  as  the  number  of  electroim  in  the 
atom  increases. 

Calculations  including  the  correction  of  Waller^ 
Hartree  have  been  made  for  neon  and  argon 
[84,85].  In  a  limited  r^on  of  the  variable  v  the 
values  of  S(v)  thus  obtained  are  in  good  agreement 
with  values  from  the  Thomas-Fermi  model  (see 
fig.  7). 

Wentzel  model.  Lenz  [741  sufmested  that  one 
assume  a  distribution  01  tne  el^tronic  charge 
within  the  atom  according  to  a  model  introduce 
by  Wentzel.  With  this  model  a  constant  can  be 
aajusted  so  as  to  yield  the^  experimental  value  of 
the  diamagnetic  susceptibility,  which  implies  a 
correct  behavior  for  <8'(e)  at  low  v.  This  procedure 
implies  really  that  the  atom  behaves  ^th  respect 
to  incoherent  scattering  as  though  it  contained 
a  sin^e  charged  particle  distributed  in  density  as 
described  by  the  Wentzel  formula  [86].  This 
density  is 


'4»r5* 


,-f/* 


(24) 


where 


then 

S(»)«l- 


6Z 


\hm 


025) 


T  (2*fi*/fi*)(2-|-2*/2*/fi*) 
(l+!Z*i2*W 


[l-f-9.04Z«f;>(-1.25X10^uj)^J  J 

(26) 


Curves  according  to  eq  (26)  for  Pb  and  C  (graph¬ 
ite)  are  plotted  in  figure  6. 

It  is  difficult  to  assess  the  accuracy  provided  by 
the  Wenttol  model.  The  density  (24),  being 
singular  at  r=0,  should  yield  an  excessively  slow 
approach  of  S(p)  to  1  as  e  increases.  In  practice 
Siv)  approaches  1  for  lower  values  of  v  than  in 
otoer  models  but  this  is  presumably  due  to  more 
serious  inaccuracies  of  the  model  at  medium 
distances  from  the  nucleus. 

Conclusion.  The  preceding  discussion  indicates 
that  existing  approximate  models  fail  to  yield 
accurate  data  on  the  incoherent  scatteriim  func¬ 
tion.  Under  the  circumstances  the  values  of 
S(q,Z)  derived  from  the  Thomas-Fermi  model 
were  used,  because  the  final  results  did  not  appear 
to  depend  critically  on  the  systematic  errors  of 
these  values  for  low  and  large  q. 


53 


6.  References 


[S] 

6 

7 

8] 


(9J 


111! 


ri1  U.  Nuo>«oniM  11.  8  (1953);  U.  56  (1953). 

[3]  H.  A.  Bethe  ud  J.  Aahkin,  Exparimentsl  nuclear 
phyttoa,  1,  part  II,  E.  Segre,  editor  (John  Wiky  A 
Smmu  Ine.,  Vvw  Y<Hrk,  N.  Y.,  1953). 

[3]  C.  M.  Ikikvinon  and  R.  D.  Evans,  Revs.  Mod.  Phys. 

35,  103  (1953). 

[4]  O.  T.  P.  Tarrant,  Proc.  Cambridge  Phil.  Soc.  38.  475 
(1933). 

8.  A.  Colgate,  Phys.  Rev.  87,  693  (1953). 

P.  Del^e,  Physik,  Z.  31,  419  (1930). 

W.  Frans,  Physik,  Z.  88,  314  (1935). 

P.  B.  Moon,  Proc.  Phys.  Soc.  (London)  [A]  83,  1189 
(1950). 

A.  Sommerfeld,  Atombau  and  Spektrallinien  II,  436 
(F.  Vieweg  und  Sohn,  Braunschweig,  1939). 

(101  H.  HaU,  Revs.  Mod.  Phyt.  8.  368  (1936). 
ill]  H.  A.  Bethe  and  L.  C.  Maximon,  Phys.  Rev.  83,  768 
(1964). 

[12]  W.  Heitler,  The  ouantum  theory  of  radiation,  3d  ed., 

p.  307  (Oxford  University  Press,  Amen  House, 
London  E.  C.  4,  19M). 

[13]  F.  Sauter,  Ann.  Physik  11,  454  (1931);  ibid.  8,  217 
(1931). 

M.  Stobbe,  Ann.  Physik  3,  661  (1930). 

H.  R.  Hulme,  I^.  Roy.  Soc.  (London)  [A]  133,  381 
(1931);  also  H.  R.  Hulm^  J.  McDougall,  R.  A. 
Buckingham,  and  R.  H.  Fowler,  Proc.  Roy.  Soc. 
(London)  [A]  148,  131  (1935). 

H.  Hall,  Phys.  Rev.  43,  620  (1934). 

F.  G.  Nagasaka  (Thesis,  Notre  Dame  Univ.,  Indiana, 
Aug.  1955). 

G.  D.  Latyshev,  Revs.  Mod.  Phys.  18,  132  (1947). 

J.  C.  Slater,  P^.  Rev.  38,  57  (1930). 

A.  T.  Nelms,  NBS  Giro.  542  (1952). 

D.  E.  Lea,  Actions  of  radiations  on  living  cells,  p.  347 
(Cambridge  Univ.  Press,  Cambridge);  iJso  (Mac¬ 
Millan  Co.,  N.  Y.,  1943). 

[22]  A.  T.  Nelms  and  I.  Oppei^eim,  J.  Research  NBS  33, 

53  (1955)  RP2604. 

[23]  H.  A.  Bethe  and  W.  Heitler,  Proc.  Roy.  Soc.  (Lon¬ 

don)  [A]  143,  83  (1934). 

24]  F.  Sauter,  Ann.  Ph^k  38,  404  (1934). 

!25|  G.  Racah,  Nuovo  cimento  11,  461  (1934). 

>]  H.  A.  Bethe,  Proc.  Cambridge  Phil.  Soc.  38,  524 
(1934). 

[27]  J.  A.  Wheeler  and  W.  E.  Lamb,  Jr.,  Phirs.  Rev.  33, 

858  (1939). 

[28]  J.  C.  Jaeger  and  H.  R.  Hulme,  Proc.  Roy.  Soc.  (Lon¬ 

don)  [A]  133,  443  (1936). 

[29]  J.  C.  Jaeger,  Nature  137,  731  (1936);  ibid.  148,  86 

(1941). 

[30]  H.  Davies,  H.  A.  Bethe,  and  L.  C.  Maximon,  Phys. 

Rev.  83,  788  (1954). 

[31]  A.  Bmsellino,  Helv.  P^.  Acta  38, 136  (1947);  Nuovo 

cimento  4,  112  (194^. 

[32]  V.  Vortruba,  Phys.  Rev.  73,  1468  (1948);  Bui.  intern. 

acad.  tchhque  sci.,  Prague  48,  19  (1948). 

[33]  F.  Rohrlich  and  J.  Jose^,  Bui.  Am.  Phys.  Soc.  38, 

No.  7  (1955);  Phys.  Rev.  IH,  1241  (1955). 

[34]  D.  Bernstein  and  W.  K.  H.  Panofsky,  Phys.  Rev.  183, 
522  (1956). 

P.  Nemirovsky,  J.  Phys.  (U.  S.  8.  R.)  11,  94  (1947). 

E.  M.  Watson,  Phys.W.  73,  1060  (1947). 

R.  Montalbetti,  L.  Eats,  and  J.  Goldernberg,  Ph3rs. 

Rev.  81,  659  (1953). 

R.  Nathans  and  J.  Htupem,  Phys.  Rev.  83, 437  (1954). 
E.  G.  Fuller  and  E.  Hayward,  Phys.  Rev.  181,  692 

(196m. 

M.  N.  Lewis  (informal  communication). 

M.  T.  Jones,  Phys.  Rev.  38,  110  (1936). 

T.  R.  CuykendaU,  Phys.  Rev.  38,  105  (1936). 

E.  W.  SMmann,  Bui.  Am.  Phys.  Soc.  1,  198,  NAS 
(1956). 

S.  J.  M.  Allen,  Phys.  Rev.  38,  907  (1926). 

E.  Groeskurth.  Ann.  Physik  38,  197  (1934). 

J.  Victoreen,  J.  Appl.  I%ys.  14,  95  (1943);  18,  855 

(1948);  38,  1141  (1949). 


35j 

36' 

3 


I 


(391 

[40 

41 

42 
43; 

44 

45; 

46 


[47]  R.  W.  James  and  G.  W.  Brindley,  Phil.  Mag.  13,  81 

(1931). 

[48]  A.  H.  Compton  and  S.  E.  Allison,  X-nm  in  theoiy  and 

experiment  (D.  van  Noetrand  Co.,  Inc.,  New  York, 
N.  Y..  1935). 

[49]  H.  H5nl,  Ann.  Physik  18,  625  (1933);  Z.  Physik  84, 

1  Q933) 

[50]  L.  G.  Parratt  and  C.  F.  Hempstead,  Phys.  Rev.  84, 

1593  (1954). 

[51]  J.  L.  Burkhardt,  Phys.  Rev.  188,  192  (1955);  R.  R. 

Wilson,  Phys.  Rev.  83,  295  (1951). 

[62]  A.  Storruste,  Proc.  Phys.  Soc.  (London)  [A]  83,  1 197 
(1950). 

’53  A.  K.  Mann,  Phys.  Rev.  181,  4  (1956). 

54  P.  V.  C.  Hough,  Phys.  Rev.  73,  266  (1948). 

65  I.  E.  Dayton,  Phys.  Rev.  88,  544  (1953). 

56]  B.  Hahn,  E.  Baldinger,  and  P.  Huber,  Helv.  Phys. 
Acta  33,  505  (1952). 

[57]  P.  Schmid  and  P.  Huber,  Helv.  Phys.  Acta  37,  152 

(1954). 

[58]  P.  Schmid,  Absolute  Paarbildungsquerschnitte  von 

Blei  far  Gammastrahlen  von  Co"  und  Na**  und 
Paarerseugung  der  RaC-Gamma-Strahlung  in  Blei 
(Thesis,  Basel  Univ.,  1955). 

(59|  R.  S.  Paul,  Phys.  J^v.  8^  1563  (1954) 


(60)  E.  S.  Rosenblum,  E.  F.  Slu-ader,  and  R.  M.  Warn^, 

Jr.,  Phys.  Rev.  88,  612  (1952). 

(61)  H.  I.  West,  Jr.,  Phy^  Rev.  181,  915  (1956). 

(62)  J.  D.  Anderson,  R.  W.  Eenney,  C.  A.  McEonald,  Jr., 

and  R.  F.  Past,  Phys.  Rev.  183,  1632  (1956). 

63'  ■  "  “  ■  ■ 

64 
66 
.66] 


R.  L.  Walker,  Phys.  Rev.  73,  627  (1949). 

S.  A.  Colgate,  Phys.  Rev.  73,  1440  (1949). 

A.  I.  Berman,  Phys.  Rev.  83^  210  (1953). 

_ J.  L.  Lawson,  Phys.  Rev.  73,  433  (194m. 

67]  J.  W.  Dewire,  A.  Ashkin,  and  L.  A.  Beach,  Phys. 

Rev.  83,  505  (1951). 

68]  G.  D.  Adams,  Phys.  Rev.  7^  1707  (1948), 

69  C.  L.  Cowan,  Phys.  Rev.  74,  1841  (1948). 

70]  P.  E.  Argyle,  Can.  J.  Phys.  28,  83  (1951). 

71]  J.  J.  Wymd,  Phys.  Rev.  87,  165  (1952);  Proc.  Phys. 

Soc.  (London)  [A]  33,  382  (1953). 

[72]  P.  R.  Howland  and  W.  E.  I&eger,  Phys.  Rev.  83, 

407  (1954). 

[73]  A.  H.  Compton,  Phys.  Rev.  31,  483  (1923);  P.  Debye, 

Physik.  Z.  34,  161  (1923);  I.  Waller,  PhU.  Mag.  4, 
1228  (1927);  Z.  Physik  31,  213  (1928);  G.  Wentsel, 
Z.  Physik  43,  1,  779  (1927). 

[74]  P.  M.  Morse,  Physik  Z.  ^  4^  (1932) ;  M.  H.  Pirenne, 

The  diffraction  of  X  rays  and  electrons  by  free 
molecules  (Cambridge  University  Press,  1946) ; 
F.  Lents,  Naturwiss  ^5  (1952) ;  Z.  Naturforsch 
8a,  185-204  (1954). 

75]  U.  Fano,  Phys.  Rev.  83,  117  (1954). 

76]  H.  Bethe,  Proc.  Cambridge  Phil.  Soc.  33,  524  (1934). 

77]  W.  Heisenberg,  Physik.  Z.  33,  737  (1931). 

78]  L.  Bewilogua,  Pby^.  Z.  33,  740  (1931).  Values  of 

Slv)  for  p<0.05  are  given  by  Wheeler  and  Lamb, 
ref.  [27]. 

79]  F.  Lens,  Z.  Physik  133,  248  (1953). 

80]  G.  Molihre,  Z.  Naturforsch  3a,  133  (1947). 

81]  H.  Eoppe,  Z.  Physik  134,  658  (1947). 

82]  D.  B.  fmrtree.  Rente.  Progr.  Phys.  11,  113  (1946-47). 

A  Summary  of  Hartree  wave-function  calculations 
is  included  in  this  paper.  J.  C.  Sister,  Phys.  Rev. 
81,  385  (1961):  G.  W.  Pratt,  Jr.,  Phys.  Rev.  88, 
1217  (1952);  R.  E.  Meyerott,  Argonne  Nat.  Lab. 
Rep.  5008  (March,  19^). 

[83]  A.  H.  Compton  and  S.  E.  Allison,  X-rays  in  theory 

and  practice,  p.  782  (D.  Van  Noetrand  Co.,  Inc 
New  York,  N.  Y.,  1948). 

[84]  I.  Waller  and  D,  R.  Hartree,  Proc.  Roy.  Soc.  [A] 

134,  119  (1929). 

[86]  G.  Hersog,  Z.  Physik  38,  207  (1931);  Z.  Physik  78, 
583  (1931). 

[86]  G.  Wentsel,  Z.  Physik  43,  590  (1927). 
Washington,  September  4,  1956. 


54 


USCOMN^DC— 


